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Abstract: A compact electrical source capable of gener-

ating surface plasmon polaritons would represent a

crucial step for on-chip plasmonic circuitry. The device

fabrication of plasmonic actuator based on Au/SiO2/n
++Si

tunnel junction and performance have been reported in

[ACS photonics, 2021, 8, 7, 1951–1960]. This work focuses

on the underlying mechanisms of electroluminescence.

The n-type Si samples were doped with concentrations

ranging from 1.6 × 1015 cm−3 to 1.0 × 1020 cm−3. A low

voltage of 1.4 V for intense light emission was achieved

at the highest concentration. The electrical/spectral

characteristics and energy band diagrams calculation

show two distinct behaviors indicating two distinct

mechanisms of light emission are at work in the heavily

doped versus the lightly doped Si. In the heavily doped

case, the light output is correlated to tunneling current

and the subsequent conversion of surface plasmons to

photons, while that for the lightly doped case is due

to indirect band-to-band recombination in silicon. The

results are validated by numerical simulation which in-

dicates that the heavy doping of the n++-Si is necessary to

achieve surface plasmon generation via electron

tunneling due to the presence of band tail states and their

effect on lowering the barrier height.

Keywords: band tail states; doping concentration; phonon-

assisted indirect radiative recombination;plasmonicactuator;

surface-plasmon assisted emission.

1 Introduction

The past two decades has seen an unprecedented increase in

the amount of digital information transmitted all over the

world. The rapid growth of computing power and the data

transmissionspeedhavechangedourwayof life andwork.An

important invention in the information age, the complemen-

tary metal-oxide semiconductor (CMOS), is now approaching

its fundamental limit on its feature size and interconnect

dimension hindering further progress in device integration

predicted by Moore’s law. Integration of electronics with

photonics is one way forward to achieve more than Moore’s.

Plasmonic, as an integration of electronic and photonic de-

vice, is considered a very promising technology platform for

the development of next generation of chip in the more than

Moore’s era [1]. Plasmonicdevices are thebuildingblocks for a

new generation of ultrafast and ultracompact nanophotonics

chip, includingactive components (plasmonic actuator [2–4]),

plasmonic detector [5], plasmonic modulator [6]) and passive

components (plasmonic waveguide [7]). Among these, the

plasmonic actuator is one of the most important components

in plasmonic circuits serving as the plasmon source inter-

facing between electronics and photonics. Recent achieve-

ments have resulted in the surface plasmon polaritons (SPP)

excitation efficiency in metal–insulator–metal (MIM) tunnel

junction(TJ) exceeding 1%as reportedbyW.Duet al. andH. L.

Qian et al. [2, 3] and in modulating the emission spectrum as

demonstrated by X. B. He [4].

As an active component, the silicon-based plasmonic

actuator consisting of a metal–insulator–silicon (MIS) tun-

nel junction can fulfill the role of current-plasmon conver-

sion and be integrated in Si integrated circuit (IC) mass

production. The plasmonic waveguide consisting of metal

lines embedded in dielectric films in back-end of line in

CMOS technology are suitable for SPPs transmission [8].

Therefore, both active and passive plasmonic components

integrated on a silicon chip have received significant

attention recently [9]. A silicon-based plasmonic device

using SPPs for signal transmission working at optical fre-

quencies has the advantage of small feature size not limited

by the diffraction limit of light. The first observation of
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surface plasmon excitation in degenerate semicon-

ductor [10] by tunneling electrons was traced back to 1969.

In 1993, J. Watanabe et al. [11] observed visible light from

Si–metal–oxide–semiconductor tunnel junction due to SPP

excitation. They claimed that the tunneling current radiated

light by scattering from residual surface roughness. A

similar piece of work was reported by M. X. Wang in 2000

[12] who applied a very large DC voltage bias (5–7 V) on

MIS tunnel junctions to generate surface plasmon and

observed light emission. In 2018, H. Goktas [13] observed

light emission from a p-type silicon doped with 2 × 1017 cm−3

and proposed that the emission is due to tunneling of

accumulated holes generating a combination of hybrid-

photon–plasmon mode and a surface plasmon mode.

However, the reports mentioned earlier do not have enough

data to conclusively deduce that the light generation is due

to plasmon–photon outcoupling. For practical application

in nanophotonics, there is a need to generate and read

out the plasmonic signals by electrical means only [2],

without involving any intermediate generation of excitons

or photons. Thus, any forms of intermediate process such as

generation of hybrid plasmon–photon modes may reduce

efficiency of plasmonic devices and increase transmission

loss. Here we propose the model for an electrically driven

SPP in an Au/SiO2/n
++Si tunnel junction which showed

plasmon excitation at a low voltage of 1.4 V. The device

fabrication of the Au/SiO2/n
++Si tunnel junctions and per-

formance have been reported in [ACS photonics, 2021, 8, 7,

1951–1960]. This work focuses on the theoretical analysis of

the electroluminescence in Au/SiO2/n
++Si junctions with

different doping concentrations. The C–V behaviors of

metal–insulator–Si (MIS) TJs with different levels of doping

concentrations have been presented to help interpret the

capacitance contributed by band tail states and highlight

the crucial role they play in the electron tunneling process.

The computed energy diagrams have been provided to

explain the underlying mechanism of electroluminescence

in MIS TJ with different levels of doping concentrations. We

have also included the simulation of the electrolumines-

cence spectra as a function of applied voltage for different

doped samples to compare with the experimental results

reported in the earlier ACS photonics paper.

2 Device design and

characterizations

A desirable option is to use purely quantum tunneling of

electrons across an electrically biased barrier between the

n-type silicon and a metal contact (Au) to excite surface

plasmon at the gold/dielectric interface. In the process of

electron transmission to themetal fromsilicon, the electrons

can either (1) tunnel elastically without any energy loss, or

(2) tunnel inelastically imparting the energy to the free

electrons in the gold electrode and generating surface

plasmons [14], or (3) overshoot the barrier under a high

voltage bias i.e. via thermionic emission [15].Here,we report

on the demonstration of an electrically driven, Au/SiO2/n-Si

plasmonic actuator based on the inelastic electron

tunneling process at room temperature and study the

mechanism of light emission from metal–oxide–silicon

junctionswith n-type doping concentrations varying by four

orders of magnitude in silicon substrates. Figure 1a shows

theperspective viewof theAu/SiO2/n-Si junction, consisting

of a heavily doped n-type silicon substrate with a thermally

grown SiO2 (th-SiO2) layer of ∼2 nm as a tunneling barrier, a

40-nm-thick gold film on the top of junction area, and a

200-nm-thick gold as a top electrode outside of cross-point

junction, as demonstrated in our previous work [16]. The

100-nm-thick oxide layer formed by sputtering (sp-SiO2)

covers an area wider than the junction area of ∼5 × 5 μm to

ensure that the current detected is obtained via tunneling

through the 2 nm SiO2 barrier. The top view of Au/SiO2/n-Si

junction was shown in Figure 1b. To facilitate electrical and

optical measurements, the whole silicon chip comprising of

an array of 6 × 6 tunnel junctions is housed in a ceramic

butterfly package with wires bonded for electrical contact.

This largenumber of samples is to ensure the reproducibility

of the events observed. Here, the forward current is defined

corresponding to majority carriers (electrons) flow from

semiconductor to metal, while the reverse current flow is

from metal to semiconductor. It is found that the forward

current flow is strongly correlated with doping concentra-

tion of n-type Si. In the case of heavy doping in n++-Si, the

forward electron current flow fromn++-Si to Au is dominated

by quantum tunneling, accompanied by surface plasmons

excitation, as shown inFigure 1c. In the case of lightly doped

n-Si (as shown in Figure 1d), the small amount of electron

current flow is mainly contributed by majority carriers

(electrons) inn-Si tunnelingwith a lowprobability througha

thin SiO2barrier toAu,whena large positive voltage (>5 V) is

applied on the Au electrode. Meanwhile, a large quantity of

electrons accumulates at the n-Si/SiO2 interface resulting in

electron–hole recombination in Si via indirect band-to-band

transition assisted by phonons. This inefficient recombina-

tion process results in few photons being emitted. The

heavily doped n++-Si is employed to ensure sufficient band

tail states in the band gap of n++-Si to aid the tunneling

process through lowering of the oxide barrier. In thiswork, a

positive DC bias, Vb is applied on the gold electrode of the

Au/SiO2/n
++-Si tunnel junction to inject electrons into the
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metal and voiding any photons generation by electron–hole

indirect phonon-assisted recombination in the silicon. The

calculated band diagram for this situation is shown in

Figure 1e. In quantum tunneling, an electron with a wave

function of ψSi(E) in the conduction band (Efs ≥ Ec) with

energy ofE (≥Efs− EfAu) tunneling through the SiO2 barrier to

the gold contact under the positive voltagemay result in two

possible pathways: (1) elastic tunneling without any energy

loss, arriving at the gold contact with the wave function of

ψAu(E ). (2) inelastic tunneling losing an energy of ℏω
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Figure 1: (a) Schematic of Au/SiO2/n-Si tunnel junction consisting of gold strip electrode (thickness 40 nm and width 5 μm) on the n++-Si

substrate (thickness ∼ 500 μm) within a 2-nm-thick thermal SiO2 (“th-SiO2”) in between. Au/SiO2/n-Si plasmons are excited in junction area.

“sp-SiO2” stands for sputtered oxide. (b) The top view of MIS tunnel junction (in red frame) with an area of 5 × 5 μm. (c) A schematic of energy

diagram at low forward bias of Au/SiO2/n
++-Si showing quantum tunneling mechanism dominating the forward current flow and plasmons

generation originating from inelastic tunneling. The short horizontal black lines at n++-Si/SiO2 interface stand for band tail states in the silicon

band gap. (d) A schematic of Au/SiO2/n-Si to show themechanism of light emission caused by electron–hole recombination in silicon when a

large positive voltage is applied on Au. (e) Calculated energy band diagram of theMIS tunnel junctionwith a positive voltage bias Vb= 1.4 V on

top electrode Au for case of n++Si. The red arrow indicates an inelastic electron tunneling process resulting in surface plasmon excitation with

the energy of ℏω (wiggly arrow). The tunneling barrier height isφB,eff. (f). Calculated energy band diagram of MIS junction with a large positive

voltage bias Vb = 7.5 V on top electrode Au. A thin green horizontal arrow represents a small number of electrons tunneling through SiO2

barrier, and the thick green arrow indicates the accumulated electrons at conduction band at the n-Si/SiO2 interface recombining with the

holes at the valence band.

Y. Liu et al.: Electroluminescence in plasmonic actuator 3489



(eVb ≥ ℏω), arriving at gold contact with a wave function of

ψAu(E − ℏω), where ℏ is the reduced Planck constant andω

is the angular frequency of the optical mode. In the inelastic

tunneling pathway (2), the tunneling electrons may impart

the energy (ℏω) to the free electrons in the gold film,

resulting in free electrons oscillation, and generating a

surface plasmon mode at the Au/SiO2 interface. The light

emission originates from the surface plasmon mode out-

coupling via a very thin and narrow Au strip with rough

edges. The 100-nm-thick oxide layer formed by sputtering

(sp-SiO2) covers an area wider than the junction area of

∼5 × 5 μm to ensure that the current detected is obtained via

tunneling through the 2 nm SiO2 barrier. In the calculated

energy band diagram of Figure 1f, with a low doped n-Si, a

very large positive voltage bias (Vb = 7.5 V) is needed to be

applied on the Au contact to achieve a faint light emission,

resulting in the majority carriers (electrons) in conduction

band accumulating at n-Si/SiO2 interface. Some of electrons

tunnel through with a very low tunneling probability due to

a triangle shape SiO2 barrier height of ∼4.25 eV.

To prove that a surface plasmonmode is indeed excited,

the I–V characteristics of four types of MIS junctions with

different n-doping concentrations (1.0 × 1020 cm−3,

3.6 × 1018 cm−3, 1.9 × 1016 cm−3, and 1.6 × 1015 cm−3) were

measured. By applying a positive DC bias (positive voltage

on the Au electrode as shown in Figure 1a) across the MIS

junction, electrons tunnel through the oxide barrier.

Simultaneously, the light emitted from the junction is

captured by an invertedmicroscope for spectral analysis [2].

The intensity of the light output is determined by the

external quantum efficiency (ηMIS) comprising of the prod-

uct of internal quantum efficiency (conversion of electrons

to plasmons) and the radiation efficiency (conversion of

plasmons to photons). Generally, the internal quantum ef-

ficiency is strongly correlated to the probability of inelastic

tunneling events [17]. With heavy doping concentration in

n++-Si, more electrons are available to participate in the

tunneling process because of a large concentration of band

tail states of n++-Si. At the same time, these chargedband tail

states at the n++-Si/SiO2 interface act to lower the barrier

height through image force bearing in mind that the oxide

layer is only 2 nm thick. The rough edges of the tunnel

junctionmayprovide a spectrumof k-vectors to facilitate the

conversion of surface plasmons to photons. The radiation

efficiency improvement has been investigated by K. S.

Makarenko et al., and it shows that the roughness of elec-

trode is very important for surface plasmon out coupling

into photons [18]. Previous work has shown that quantum

efficiency is prohibitively low (10−4–10−7) [19–23]. Therefore,

improving quantum efficiency in plasmonic device is

fundamental to engineering an efficient plasmonic actuator.

3 Results and discussions

The underlying physical mechanism of surface plasmon

mode excitation is based on quantum-mechanical inelastic

electron tunneling across a barrier. To identify the effect of

the density of free carriers on tunnelingMIS junctions, on the

magnitude of the tunneling current, four different doping

concentrations (Nd) in n-type Si substrates are used viz.

1.0 × 1020 cm−3, 3.6 × 1018 cm−3, 1.9 × 1016 cm−3, and

1.6 × 1015 cm−3. The fabrication process of the MIS junction is

reported in our previous work [16]. I–V and C–V character-

ization of Au/SiO2/n-Si junctions were performed using a

Keithley 4200A-SCS semiconductor parameters analyzer

with multichannel automatic switching modules. Four

chips, each with a different doping level, are packaged for

the characterization. Each chip is comprised of an array

of 6 × 6 junctions. Figure 2a shows the typical I–V charac-

teristics over the voltage range from −2 to 2 V, of four MIS

junctions with different orders of magnitude in doping

concentrations. The I–V curve for each doping concentration

is very repeatable among the 6 × 6 array of devices in each

chip. The approximate symmetry of the I–V curves for pos-

itive and negative bias voltages of the two samples with

Nd = 1.0 × 1020 cm−3 and 3.6 × 1018 cm−3 indicates that the free

electrons tunneling occurs through the 2-nm SiO2 barrier in

both directions with the same ease. In comparison, the

asymmetry of the I–V curves with respect to voltages of

samples with Nd = 1.9 × 1016 cm−3 and 1.6 × 1015 cm−3 implies

that the accumulation layer and the Schottky barriermediate

differently the electrical conduction path in the positive and

negative bias, respectively. Dahlke [24, 25] had investigated

an MIS TJ formed by dry oxidation of Si and showed that it

has ahighdensity of band tail states. Inheavilydopedn++-Si,

there is a narrowing of bandgap due to band tails. Thus, it

appears that band tail states and the narrowing of bandgaps

make the I–V curves of an MIS tunnel structure more like

those of an MIM tunnel structures. The high density of band

tail states at the SiO2/n
++-Si aids the electrons tunneling from

the n++-Si into the conduction band of gold. Here, the band

tails smear out the effect of the energy band gap of silicon,

giving credence to the use of MIM tunneling theory to

analyze MIS tunnel structures with Si heavily doped. In this

work, quantum tunneling theory was used to estimate the

Au-SiO2 (φB,eff) barrier height in an MIS tunnel junction with

degenerate n-type silicon [26] (Figure S1(a) and (b)). It must

be noted that the abundance of band tail states at the SiO2/

Au and at SiO2/n
++-Si coupled with the small width of the

oxide layer results in the lowering (by image force) of the

actual barrier height in the oxide to the effective barrier

height, φB,eff. By extracting the tunneling barrier (φB,eff) in
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the tunnel MIS junctions, it is found that the higher doping

concentration of Nd = 1.0 × 1020 cm−3 lowers the tunneling

barrier height to φB,eff = 1.69 eV from the theoretical value of

4.25 eV. This lower barrier height results in a larger tunneling

current flow at the positive voltage bias. It is therefore ex-

pected that the surface plasmonmode would be excited at a

lower electrical bias in highly dopedMIS tunnel junction. In

the other group of MIS junctions with much lower doping

concentrations ofNd = 1.9 × 1016 cm−3 and 1.6 × 1015 cm−3, the

asymmetrical I–V curves with respect to the voltage indicate

that the forward current flow is dominated by a low proba-

bility tunneling due to SiO2 barrier, whereas the reverse

current flow is even lower because of a thicker barrier width

comprising of SiO2 layer and Schottky barrier. At 2 V bias,

this tunneling current is two orders of magnitudes lower

than that in heavily doped samples. At a very high voltage

bias (Vb ≥ 5.5V), the accumulatedelectronsat the conduction

band of n-Si recombine with the holes in valence band

electrons. This is an indirect radiative recombination in n-Si

contributing to the light emission ofMIS junctions, as shown

in Figure 1d and f. The lower doped n-Si does not have the

chargedband tail states to lower thebarrier height inpositive

bias and thus impede the electron tunneling fromn-Si to Au,

resulting in a reduced forward current. More details of

electrical characteristics are shown inSupplementaryNote 1.

The quantum-mechanical electrons tunneling in MIS

junctions should also be verified by electrical AC measure-

ments [27]. Four capacitances are involved, Cox, CBT, CDep,

and CAcm and they are, respectively, the oxide capacitance,

capacitance due to band tail states, capacitance to the

depletion layer, and the capacitance due to the accumula-

tion layer on the Si surface. The band tail states capacitance

and that at the Si interface (due to either the accumulation

layer or the depletion layer) are connected in parallel. The

effective capacitances are then connected in series with the

oxide capacitance. The C–V characteristics of the four MIS

junctions with different doping concentrations were

measured in the frequency range of 10–100 kHz. We now

focus on 10 kHz and explain the low frequency behavior of

the C–V characteristics in Figure 2b of the MIS junctions

measuredwith the voltagebias sweeping from−2 to 2Vat an

AC drive signal of 20mV. Tominimizemeasurement error, a

larger device area of 500 × 500 μm2 was used for the four

types of MIS junctions (n-type Si: 1.0 × 1020 cm−3, 3.6 × 1018

cm−3, 1.9 × 1016 cm−3, and 1.6 × 1015 cm−3). The equivalent

capacitances at positive voltage bias (Ceq+) (Eq. (1)) and

negative voltage bias (Ceq−) (Eq. (2)) in MIS junctions can be

expressed, respectively, as follows,

Ceq+ =
(CBT + CACM) × Cox

CBT + CACM + Cox

(1)

Ceq− =
(C′BT + CDEP) × Cox

CBT′ + CDEP + Cox

(2)

where CBT is the capacitance contributed by band tail states

when they are fully occupied by electrons at the interface of

SiO2/n
++-Si under a positive voltage bias, C′BT is the

capacitance contributed by the band tail states when they

are partially occupied by electrons under a negative

voltage bias, and both capacitances are only present in the

heavily doped n++-Si. The other capacitanceswhich exist in

both the heavily and low doped samples are, viz. Cox,

contributed by the 2-nm SiO2 capacitance (∼1.73 × 10−2 pF/

μm2); CACM, contributed by the electrons in the accumula-

tion layer at the n-Si surface under a positive voltage bias,

and CDEP, the depletion layer capacitance in the n-Si region

a b

Figure 2: Electrical characteristics of MIS junctions in four doping levels in n-Si. (a) I–V curves of MIS junctions with the area of 5 × 5 μm2, (b)

C–V curves of MIS junctions with the area of 500 × 500 μm2 at a low frequency of 10 kHz.
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under a negative voltage bias. The highly doped MIS

junction (Nd = 1.0 × 1020 cm−3) is measured to have a higher

capacitance (7.89 × 10−3 pF/μm2) compared to that of the

lower doped level of Nd = 3.6 × 1018 cm−3 at 2 V bias

(6.20 × 10−3 pF/μm2), as shown in Figure 2b. This is in

agreement with the higher density of band tail states of

2.78 × 1012 cm−2 eV−1 for the highly doped sample compared

to 1.76 × 1011 cm−2 eV−1 for the less heavily doped sample

extracted from ACmeasurements [28]. This also applies for

the measurements conducted at −2 V (The equivalent ca-

pacitances are summarized in the Supplementary Note

Table S1). The equivalent circuit of Au/SiO2/n
++-Si capaci-

tance is demonstrated in Figure S2(a). So, the sum of the

two capacitances (∼7.89 × 10−3 pF/μm2), i.e. band tail

capacitance (CBT) and accumulation capacitance CACM

dominate at 2 V bias. Thus, (CBT + CACM) is smaller than Cox,

in Eq. (1). And at−2V bias, (CBT’+CDEP) is even smaller than

Cox in Eq. (2)).CBT is larger thanC′BT due to the higher charge

occupancy. The capacitance contributed by band tail states

play a crucial role in electron tunneling process. In the

lightly doped MIS junctions with the concentrations of

1.9 × 1016 cm−3 and 1.6 × 1015 cm−3, there are no band tail

capacitances (CBT = 0). The equivalent circuit of Au/SiO2/n-

Si capacitance is demonstrated in Figure S2(b). Under

negative bias (negative voltage on the Au), the equivalent

capacitance (Ceq−) varies slightly because the capacitance

is determined by a largewidth of depletion layer (Cox > CDEP
in Eq. (2)). Under positive voltage bias, the equivalent

capacitance (Ceq+) increases with bias because the total

charge of accumulated electron (CACM) increases

(Ceq+ = CACM×Cox

CACM+Cox
in Eq. (1)), as shown in Figure 2b. The

equivalent capacitance in heavily doped MIS tunnel junc-

tion is approximately 50 times larger than that in lightly

doped MIS junction at 2 V bias. The largest equivalent

capacitance means the smallest impedance. From the

above discussion, it is seen that the band tail states formed

in heavily doped MIS junction facilitates for electrons

tunneling. A higher doping level, besides generating a

larger concentration of free electrons, also creates band tail

states which lower the tunneling barrier height. Experi-

mental evidence of the lowering of the tunneling barrier

with increase in doping concentration is provided in Sup-

plementary Note 1. The measured values φB,eff decreases

with the heavy doping concentration.

The relationship between the electrical characteristics

and optical characteristics inMIS tunnel junction has been a

matter of continuous research for half a century [29]. In this

work, the electroluminescence (EL) of MIS junctions with

different doping concentrations was investigated under

positive voltage bias. To interpret the experimental results,

an FEM model is provided to explain the spectral

characteristics with respect to voltage bias as a function of

doping concentration (Supplementary Note 2). Experimen-

tally, the optical images of the emission region of the MIS

junctions were captured by an inverted optical microscope

(Nikon Eclipse Ti-E) equipped with a spectrometer (Sham-

rock 303i) and an electron multiplying CCD (EMCCD, iXon

Ultra 897). The recorded spectra of plasmon–photon con-

version show the same blueshift characteristics as reported

in our previous work in [2]. To increase the numerical

objective, an oil immersion objective was used (NA = 1.49).

The images of light emission regions (Figure 3a insets) are

captured by an EMCCD with 2 min integration time and an

EM gain of 300. To eliminate the emission due to interband

transition in gold film, the voltage bias, Vb, is limited to

below 2.4 V [30]. Here,we only discuss the results of positive

biases on the MIS TJs to excite SPP on Au film. Negative

biases did not result in light emission as the electrons

tunneling into the n++-Si is ineffective to excite bulk plas-

mons due to the large thickness of the substrate. The spectra

are recorded for samples with different doping concentra-

tions viz. (a) 1.0 × 1020 cm−3, (b) 3.6 × 1018 cm−3, and (c)

1.9 × 1016 cm−3 in our previous work [16]. The spectra of

sample (a) show a voltage dependent peak blueshifts

(voltages ranging from 1.4 to 1.9 V in Figure 3b) like the

spectra reported by W. Du [2]. There is an insignificant

spectral peak blueshifts (voltages ranging from 1.5 to 2.5 V)

in sample (b), while no peak blueshifts are observed in

sample (c). The light emission from the sample (d) with the

lowest concentration of 1.6 × 1015 cm−3 was very weak and

cannot be captured reliably by the instrument.

For an MIS tunnel junction with the highest doping

concentration of Nd = 1.0 × 1020 cm−3, the round dots in

Figure 3a give the shortest wavelength or cut-off wavelength

(λcut-off) in nm of the emission (corresponding to the highest

photon energy). The square dots give the corresponding cut-

off energy in eV. The cut-off energy of the light emission

spectrum in an Au/SiO2/n
++-Si tunnel junction increases

linearlywith the voltagebias [16].Herewehaveprovided the

additional information of light emission intensity in six in-

sets as well and illustrated the electroluminescence in-

tensity increases with the voltage bias intuitively. The main

features in Figure 3a and b are: with increase in voltage (1)

the cut-off wavelength (λcut-off) decreases from 885.7 nm

(Vb = 1.4 V) to 652.6 nm (Vb = 1.9 V), (2) the intensity of light

emission at each voltage bias increases from 6.14 a.u

(Vb = 1.4 V) to 262.40 a.u (Vb = 1.9 V) ,and (3) the peak of the

spectrum blue shifts from 985.5 nm (Vb = 1.4 V) to 883.4 nm

(Vb = 1.9 V). Feature (1) is an expression of the conservation

of energy i.e. the plasmon energy (ℏω) is less thanor equal to

the electron excitation energy (eVb), while feature (2) in-

dicates that the higher plasmon intensity is obtained at a
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higher tunneling current corresponding to a higher voltage

bias. The blue shift in the emission spectrum seen in feature

(3) with increasing bias is an important feature of surface

plasmon excitation which will be explained in the theoret-

icalmodel to be presented later. From the six EMCCD images

shown in the insets of Figure 3a, the emission from the

surface of the Au film is relativelyweakwith high intensities

distributed at the edges of the junction area in the lower

voltage range from 1.4 to 1.7 V. This is due to the higher

photon out-coupling from the localized surface plasmons

via the rough edges of the Au strip [31]. At 1.9 V, the whole

junction area is lighted up brightly due to the surface plas-

mon outcoupling through the 40-nm thin Au film as well

[18]. It is worthy to note that at the highest doping concen-

tration of 1.0 × 1020 cm−3, plasmons can be excited at a low

voltage bias of 1.4 V in the MIS tunnel junction, which is

much lower than the higher voltage bias ranging from 2 to

8 V reported by other groups [12, 13, 32–41].

Figure 4a and b shows the plots of the ηMIS, defined as

the quantity of emitted surface plasmon polaritons per

tunneling electron and per unit spectral width (Supple-

mentary Note 2), which correspond to samples (a) and (b).

At a given bias, ηMIS is proportional to the plasmon in-

tensity and in turn gives rise to the light intensity assuming

the out-coupling efficiency is independent of wavelength.

The method of calculating ηMIS is as per reference [42] but

by replacing the MIM junction with an MIS junction. This

requires changing the optical parameters such as refractive

indices of the metal with that of the n-type Si which is

doping concentration dependent. It is seen that the simu-

lated results of the spectra at different bias match the

experimental results qualitatively. The detail of the simu-

lation is shown in Supplementary Note 2. They show the

same features as described earlier viz. the peakwavelength

blue shifts with bias for the heavily doped samplewhile the

low doped sample has a constant peak wavelength corre-

sponding to the bandgap energy. For the lightly dopedMIS

junction (Sample (c)), the light emission is based on

phonon-assisted indirect radiative recombination in n-Si.

Hence, the normalized electroluminescence efficiency of

a

1.4 V

1.5 V

1.6 V

1.7 V

1.8 V

1.9 V

b

Figure 3: (a) Identification of surface plasmons conversion to photon as observed in electroluminescence experiment of the MIS tunnel

junction with the highest doping concentration of 1.0 × 1020 cm−3. The insets show the EMCCD images in real plane corresponding to different

voltage bias (Vb) [16]. λcut-off is the shortest wavelength emitted. (b) The peaks of spectrum blueshift from 985.5 to 883.4 nm, while the

intensities of the peaks increase from 6.14 to 262.40 (a.u) with the voltage bias increasing from 1.4 to 1.9 V.

Figure 4: The external quantumefficiency, ηMIS, of (a)Nd= 1.0× 1020 cm−3, (b)Nd=3.6× 1018 cm−3 and the electroluminescence efficiency of (c)

Nd = 1.9 × 1016 cm−3 from FEM models. ηMIS can be interpreted to be proportional to the emitted photon flux.
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MIS junction with a doping concentration of 1.9 × 1016 cm−3

is calculated by FEM model as shown in Figure 4c.

To analyze themechanisms of electrical conduction and

the phenomenon of light emission in the MIS junctions, the

energy band diagram calculations (TCAD_Sentaurus_2014.

09-SP1) for Au/SiO2/n-Si structures are indispensable.

Figure 5a–d shows the simulation results of the energy band

(with energy levels E0, Ec, Ef, Ev) in Au/SiO2/n-Si structure

under zero and positive bias. To understand the blueshift in

the spectra with voltage bias, in the samples with high

doping concentrations, the band diagrams shown in

Figure 5a and b are used. It is seen in both Figure 5a and b

that the emission energy (Ecut-off) increases with bias as

indicated by the longer vertical blue arrows with solid lines

on the metal side. And all the electrons located at band tail

states (short horizontal black lines) in the band gap of n++-Si

can tunnel through the barrier resulting in plasmons with

energy as indicated by the vertical dotted blue arrow. The

band tail statesprovide tunneling electrons at theenergy less

than the energy provided by the bias voltage. For the case of

low doping concentration in n-Si as seen in Figure 5c and d,

the emission comes mainly from the phonon-assisted indi-

rect radiative recombination between electrons in the accu-

mulation layer and holes in the valence band at the n-Si

surface [43, 44]. Thus, the emission energy does not change

with voltage bias, which is confirmed by the fixed value of

the peaks (λ = 1100 nm) in sample (c). The blue-shift effect in

the light emission spectra originating from surface-plasmon

excitation via band tail states tunneling in Au/SiO2/n
++-Si

junction with a high doping concentration (Nd ≥ 1018 cm−3),

are reflected in Figure 5a and b. However, the light emissions

coming from the MIS junctions with a low doping level

(below 1018 cm−3) is due to phonon-assisted indirect band-to-

band recombination, as indicated in the insets of Figure 5c

and d. Theweak emission from such recombination doesnot

result in any shift in the peak of the spectrawith voltagebias.
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0

E
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E
v

E
f,Au

a

E
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E
0

E
c

E
v
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E
f,Au

c

E
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E
0

E
c

E
v
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E
f,s

E
0

E
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Figure 5: Energy band diagrams of Au/SiO2/n-Si junctions at different voltage bias (faint line for the vacuum level is for Vb = 0, red line is for

the higher voltage) (a) 1.0 × 1020 cm−3, (b) 3.6 × 1018 cm−3, (c) 1.9 × 1016 cm−3, (d) 1.6 × 1015 cm−3 in n-Si. The insets of c and d are the zoom-in at

the interface of SiO2/n-Si.
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4 Conclusions

In conclusion, we have theoretically demonstrated in this

paper that surface plasmons can be excited at a low

voltage bias by electron tunneling in an MIS structure Au/

SiO2/n
++-Si is attributed to the high density of band tail

states in degenerated Si. The high density of band tail

states in heavily doped Si (1.0 × 1020 cm−3) aids the elec-

tron tunneling by lowering the barrier height, results in a

lower voltage for tunneling and a larger tunneling current

at a given voltage bias. Evidence of band tail states are

obtained by C–V measurement. For samples with low

doping concentration, there are no band tail states to help

lower the tunneling barrier height. At a voltage bias of 2 V,

the low doped samples give a tunneling current two or-

ders of magnitude lower than that in the heavily doped

sample. With low tunneling current at forward bias,

phonon assisted indirect band-to-band recombination

takes place between the accumulation layer in conduction

band and valence band of n-Si. Therefore, the emitted

light originating from the semiconductor is weak and the

emitted wavelength does not shift with voltage bias being

pegged to the bandgap energy of n-Si. This work paves the

way for using MIS junction as a plasmonic actuator in

integrated circuits. Given the small size of the plasmon

actuator, it can be incorporated in front-end of line

(FEOL). The electronic wires in Metal 1 layer can then be

replaced with denser plasmonic waveguides thus

squeezing more out of Moore’s law.
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