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Light emission by inelastic tunneling (LEIT) from a metal-insulator-metal tunnel junction is an ultrafast emission
process. It is a promising platform for ultrafast transduction from electrical signal to optical signal on integrated circuits.
However, existing procedures of fabricating LEIT devices usually involve both top-down and bottom-up techniques, which
reduces its compatibility with the modern microfabrication streamline and limits its potential applications in industrial
scale-up. Here in this work, we lift these restrictions by using a multilayer insulator grown by atomic layer deposition as
the tunnel barrier. For the first time, we fabricate an LEIT device fully by microfabrication techniques and show a stable
performance under ambient conditions. Uniform electroluminescence is observed over the entire active region, with the
emission spectrum shaped by metallic grating plasmons. The introduction of a multilayer insulator into the LEIT can pro-
vide an additional degree of freedom for engineering the energy band landscape of the tunnel barrier. The presented scheme
of preparing a stable ultrathin tunnel barrier may also find some applications in a wide range of integrated optoelectronic
devices.

Keywords: electroluminescence, plasmonics, inelastic electron tunneling, multilayer insulator, atomic layer

deposition
PACS: 78.60.Fi, 78.66.—w

1. Introduction

Light emission by inelastic tunneling (LEIT) through
a tunnel junction can offer unique opportunities to real-
ize ultrafast electrical-optical-signal transduction,!!?! which
can generate light below the diffraction limit and provide
potential applications in nanoscale biosensing,!>*! optical
communication,®! and integrated photonics circuits.!® First
demonstrated by Lambe and McCarthy in 1976,!"] the tun-
neling electrons in a planar metal-insulator-metal (MIM) tun-
nel junction will excite the surface plasmons and may subse-
quently decay into far-field photons. This luminescence pro-
cess is in principle ultrafast because the timescale for an elec-
tron tunneling through the junction proves to be on the order
of 10 fs (the excitation process), and the lifetime of an emit-
ter in the nanogap can be shortened to tens of fs (the emission
process). %% This phenomenon is then used to visualize the lo-
cal density of states in scanning tunneling microscopes!!%-13!
until recently it has received considerable renewed interest
in electrically-driven optical antennas.!!*!>! Significant ad-
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vances have been made since then, including the improvement

16,171 radiation directionality,'®

of the emission efﬁciency,[
and spectra shape!!°! of the MIM tunnel sources. The sta-
bility of an LEIT device, a key operation figure of merit, de-
pends significantly on the fabrication of the tunnel barrier.
Till now, a highly stable tunnel barrier has relied mainly on
the synthesis of a dense insulator layer between the biased
metal structures, by, e.g., thermal oxide,*?! exfoliated hexag-
onal boron nitride,!?3! or self-assemble molecules.?*! How-
ever, these methods are either hard to control the thickness
(oxidization) or incompatible with the modern microfabrica-
tion streamline, hindering the LEIT devices from being manu-
factured and put into practical applications.

Atomic layer deposition (ALD) is a well-developed tech-
nique of depositing thin films in microelectronics,?>->%! light-

5,27 hot-electron electrochemistry, [?8! and dif-

emitting diode
fusion barrier coatings with low gas permeability.[*”! The
uniqueness of ALD in these applications is attributed to its

ability to grow the uniform, pinhole-free, and nanometer-thick
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30311 However, the operation of LEIT devices

insulator layers.|
with a single Al,O3 layer grown by ALD is unstable under
ambient condition due to the formation of grains and defects
during the growing process.??! Therefore, it is necessary to
obtain high-quality tunnel insulators by ALD so that the fabri-
cation of LEIT devices is fully compatible with microfabrica-

tion techniques.

2. Method
2.1. Device fabrication

Electrically driven plasmonic gratings are fabricated on
Si/Si0, substrate. The thickness of the SiO; layer is 300 nm
that can efficiently reduce the leak current. The bottom Au
electrode is prepared by a series of fabrication steps, including
EBL, reaction-ion etching (RIE, using CHF3 gas flow), and
thermal evaporation of Au film (50 nm). After lift-off, the O,
plasma treatment process in an RIE is used to generate the
high hydroxyl density substrate, in which the treatment power
is 50 W and the treatment time is 1 min. The treated sam-
ple is then grown on the multiple insulator layers by ALD at
a temperature of 150 °C. Then, the top gratings are prepared
by the EBL, Au evaporation, and lift-off. The details of the
fabrication process are shown in the supporting information,
Fig. S1.

2.2. Electrical and optical characterization

For electrical measurements, two tungsten probes with
10-um diameter are used to contact the Au electrodes with
a sourcemeter (Keithley 2634B). The parameters are 5 NPLC
(number of power line cycles) for the analog-to-digital con-
verter, integration times of 1 s, and the current using the auto-
matic range switch. The EL images are recorded by an opti-
cal microscope (Olympus BX51) equipped with a 50x long
working distance objective (NA = 0.5) and a CCD camera
(DVC 710M-00-MW). The emission spectrum is collected by
a spectrometer (Andor 550i, 150 lines/mm blazing at 800 nm)
and detected by the EMCCD (Andor Newton). The reflec-
tion spectrum is collected by a home-built microscope using a
100x objective (NA = 0.9) and the diameter of the white light
spot is 2 pum.

2.3. Electromagnetic simulations

Full wave electromagnetic simulations are carried out by
commercial FEM software (COMSOL Multiphysics, V5.2a).
A two-dimensional model is established by considering the
grating positioned on the top of an Au film. The permittivity
of Au is cited from the Johnson and Christy.!*°! The insulator
gaps within the structures have a thickness of 4.0 nm and a
refractive index of 2.05.

3. Experiment and results

In this work, we fabricate an LEIT device with uni-
form light emission and a long working lifetime under am-
bient condition, by optimizing the composition during the
ALD growth. For the first time, we grow alternative insu-
lator layers (TiO,—Al,03-TiO,—Al,03) as the tunnel barrier,
in a fully microfabrication-compatible manner. Our devices
can be stored for a long time (several weeks) and the tunnel-
ing current keeps stable for intermittent measurements from
hours to days. The light emission is uniform in the entire ac-
tive region, and the emission spectra can be controlled by a
plasmonic grating. Our study demonstrates that the multilayer
insulators grown by ALD enable a stable and uniform LEIT
device. Furthermore, the composite tunnel barrier may also
provide an additional degree of freedom for the band structure
of the tunnel barrier334! or find applications in other ultra-
fast electro-optical circuits. Figure 1(a) shows the schematic
of an LEIT device. It consists of a square bottom Au elec-
trode, alternate insulator (TiO,—Al;O3) layers, and a top Au
plasmonic grating simultaneously serving as a coupler for light
and a positive electrode. The bottom Au electrode and the top
plasmonic grating are prepared by electron beam lithography
(EBL), and both layers are 50-nm thick. The grating is aligned
accurately to the bottom square electrode during the exposure.
Thealternate insulator layers are deposited by ALD, including
18 cycles (0.8 nm) of TiO», 8 cycles (0.8 nm) of Al,O3, 18 cy-
cles (0.8 nm) of TiO,, and 16 cycles (1.6 nm) of Al;O3. The
total thickness of the four layers is 4 nm. The entire fabrication
process fits well with the modern microfabrication streamline
(for details see supporting information Fig. S1). The inset of
Fig. 1(a) shows a side view of the active region, where the
silicon substrate is not shown.

The energy band diagram of the MIM junction with and
without bias voltage is shown in Fig. 1(b). There are five po-
tential barrier interfaces between Au electrodes. The shape
of the energy band diagram of tunnel barriers is determined by
the work function of the Au electrode (5.1 eV),?3] the electron
affinity of insulator, and the applied bias voltage. The electron
affinity potential of TiO; and Al,O3 depend on the thickness
and morphology of the film, 3% and are estimated to be 4.3 eV
and 3.5 eV from the ALD process. The barrier height of in-
terface at the zero bias is determined to be @, = 0.8 eV for
Au-TiO; interface, ¥, = 1.6 eV for Au—Al,Oj3 interface, and
P53 = 0.8 eV for TiO,—Al, O3 interfaces,as shown in the upper
panel of Fig. 1(b). When electrons tunnel over the insulator
barrier under the bias voltage, part of electrons will undergo
the inelastic scattering and lose their energy by generating a
plasmon, subsequently radiating photons or creating heat in
the local region. By changing the height, period, duty cycle
of the grating and the thickness of the alternate insulators, the
spectrum and polarization of the electroluminescence can be
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controlled. Comparing with the tunneling junctions with sin-
gle insulators, the choice of two or more insulators facilitates
the design of both the electronic and photonic aspects of the
devices. For example, the tunneling current can be larger for
such an alternate insulator junction than the counterpart of a
pure Al,O3 junction with equal thickness. For a given tunnel-
ing current, a multilayer junction can sustain a higher damage
voltage, which is a key to a stable light emission by inelastic

(a)

tunneling device. Unlike traditional light sources, the emission
process of LEIT does not rely on the spontaneous recombina-
tion of electron—hole pairs. The response time of the emission
can decrease down to tens of femtosecond, dependent mainly
on the electron tunneling process and the subsequent radiative
decay of the plasmons.*”] These enable the light emission by
inelastic tunneling to become a component of an integrated
ultrafast optoelectronic circuit.

(b) .
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Fig. 1. (a) Schematic diagram of the device. The inset shows a side view of active region (unscaled), and contains, from bottom to top, a
silica substrate, a square Au bottom electrode, alternative insulator layers, and an Au grating. The 50-nm-thick gratings are fabricated onto the
bottom electrode with a 4-nm-thick tunnel barrier of TiO,&Al,O3 grown in between. (b) Energy band diagram of multilayer tunnel junction
with zero and positive bias, with @; (i = 1, 2, 3) denoting barrier height, V}, applied voltage, and 7w light emission.
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Fig. 2. (a) Current—voltage characteristic curve of connected plasmonic grat-
ing device with a tunneling gap, where insets show energy band diagrams
of multilayer tunneling junction with a negative or positive bias applied to
top Au electrode. (b) Asymmetry ( = |Ip/Ir|) versus bias voltage for the
MIM tunnel diode, where inset displays time trace of tunneling current at a
constant bias of V, = 2.0 V with tunnel junction size being 60 um?.

The tunneling current of our device is determined by both
the amplitude and the direction of the applied voltage since

there are multiple insulators with different electron affinities in
the tunnel barrier. The characteristic of current density (J) as
a function of the applied voltage is shown in Fig. 2(a). A pro-
nounced asymmetry appears when the direction of injection
electrons is reversed. The inset of Fig. 2(a) presents the en-
ergy band diagram with negative and positive voltage. When
applying a positive bias voltage of +2 V to the top Au elec-
trode, the width of the TiO,&Al,O3 tunnel barrier is smaller
than that when applying a negative bias of —2 V. Hence, the
positive current density is greater than the negative one at the
MIM tunnel junction. In the following, we always use a posi-
tive bias in the LEIT measurements since the intensity of emis-
sion photons depends linearly on the amplitude of the tunnel

(201 Supporting information figure S2 also shows that

current.
the tunneling current increases linearly with the augment of
area of the junction.

We now come to study the asymmetry of the current
versus voltage (I-V) curve and the stability of the tunnel junc-
The asymmetry of the /-V curve is defined as the
),

which presents the characterization of rectification for a tunnel

tions.
forward current divided by the reverse current (1 = |Ip/Ir

MIM diode. Figure 2(b) shows that the value of asymmetry is
related to the value of applied voltage. The asymmetry value
of the tunnel junction reaches 45 when |V;,| =2 V. The inset of
Fig. 2(b) shows the time trace of the tunneling current of the
MIM junction with a junction size of 60 um? at a bias voltage
of 2.0 V. The tunneling current keeps stable during the mea-
surement, guaranteeing key feature required in further appli-
cations (e.g., optoelectronic circuits). Stabler devices can be
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achieved by packaging the final device or utilizing the trans-
ferred top Au nanostructure (electrodes). (38]

The optical characterization of the tunneling device and
the emission spectra of the LEIT source are determined by the
resonance properties of the grating. The reflection spectra are
measured in the home-built microscope (for details, see sup-
porting information Fig. S3). Considering that the plasmon
resonance has a smaller loss in the near-infrared region, 37!
the grating is designed with a duty cycle of 0.5 and a period of
700 nm. Figure 3(a) shows the reflection spectra from the grat-
ing under perpendicular and parallel polarization. The grat-
ing shows a strong polarization response, an apparent reflec-
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tion dip at 770 nm shows up under perpendicular polarization.
The polarization dependence of EL spectrum presents a simi-
lar behavior, with the emitted photon polarized perpendicular
to the grating (supporting information, Fig. S6).The inset of
Fig. 3(a) shows the scanning electron microscopy images of
the same devices. Numerical simulations of the grating nanos-
tructure are in good agreement with the experimental result as
shown in Fig. 3(b). The inset shows a side view of the elec-
tric field distribution of a grating at the resonant wavelength.
High enhancement of the electric field is confined in the tunnel
junction and at the top edge of the grating, which conduces to
improving the efficiency of LEIT device.
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Fig. 3. (a) Reflection spectra of grating under parallel (red) and perpendicular (black) excitation. Inset shows scanning electron microscope
image of the grating. It has a duty cycle of 0.5 and a period of 700 nm. Scale bar: 1 pm. (b) Simulated reflection spectra of the grating under
parallel (red) and perpendicular excitation. The inset shows the electric field distribution under the resonance condition with a wavelength of
750 nm. (c) EL spectra of the grating for various applied voltages. The inset shows the /-V curve of the device. (d) Image of light emitted from
the grating at a constant bias of V4, = 3.0 V. The CCD exposure time is 3 s. The right panels indicate the intensity profiles along the major axis
and minor axis of the EL image, corresponding to the dashed line on the left panel.

Next, we explore the properties of the emission light from
the electrically driven grating. We use two tungsten probes
connected with a sourcemeter to apply the bias voltage to the
device. Light emission from the tunneling junction is col-
lected by a long working distance objective (Olympus, 50x,
NA = 0.5) and then recorded by a CCD camera or by a spec-
trometer (for details, see Methods). All measurements are con-
ducted at room temperature. Figure 3(c) shows the emission
spectra with various bias voltages, the intensity of EL peak
becomes stronger with voltage increasing. The peak position
of EL spectrum is 728 nm, which fits well with the reflection
spectrum. We note that the drop of the EL spectrum at about

820 nm is not caused by the experimental collection system.

It may be due to the lower electric field enhancement in the
tunnel junction and at the top edge of the grating, correspond-
ing to a weak radiation efficiency at the dip (~ 840 nm) in
the reflection spectrum in Fig. 3(b) (also see supporting in-
formation Fig. S7). The inset of Fig. 3(c) shows the corre-
sponding /-V curves of the same device. Figure 3(d) shows
the direct imaging of light emitted from gratings at a constant
bias voltage of V;, = 3.0 V. The intensity of the emission spot is
uniform, which shows that the tunneling electrons uniformly
pass through the barrier of the MIM junction. The right panels
show that the intensity profiles along the different axes of the
tunnel source, and there appear only small fluctuations from

different positions. Supporting information Fig. S5 shows the
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photon emission from a planar MIM tunnel junction, and the
emitted photons are observed only from the edges of the top
electrode. The external conversion efficiency of the electron-
to-photon of the light source is estimated at about 3.8x10°
at V, = 3.0V, following the same procedure as in our previous

work. [20]

4. Conclusions

In this work, we demonstrate electrically driven plas-
monic gratings based on a multilayer tunneling barrier grown
by ALD, where the source shows stable and uniform emission
characteristics. Four insulator layers are utilized to fabricate
the MIM tunneling sources for the first time. It shows that
the tunneling probability of one electron is dependent on the
injection direction due to the utilization of the multiple insu-
lators with different electron affinities in one tunnel barrier.
The tunneling probability of the electrons from the bottom Au
electrode is much higher than that from the top grating. The
problem of poor stability of the ultrathin insulator layer grown
by ALD in the MIM tunnel source is solved by utilizing mul-
tilayer barriers. According to Ref. [39], the resonant electron
tunneling based on multilayer barriers may happen and will
further enhance the efficiency.**! Our work paves the way for
fabricating a stabler and efficient subwavelength LEIT device,
which is of potential significance in implmenting the on-chip
optical communication, biosensing, and photodetection.
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