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ABSTRACT We investigate the electrical and optical performance of surface-plasmon-mediated l ight emis-
sion i n electrical-driven metal-insulator-metal (MIM) t unnel j unctions fabricated from a gold (Au) film on
the t op and a heavily doped silicon chip on t he bottom. A silicon dioxide l ayer i s used as t he t unneling
barrier. The experimental results show t hat t he device’s performance strongly depends on t he morphology
of t he Au f ilm. A negative r esistance e ffect was observed with high Au f ilm r oughness, f rom which
higher efficient l ight emission was observed compared t o t hat of our device exhibiting l ess r oughness.
Such MIM t unneling j unctions are compatible with common metal-oxide semiconductor t echnology and
thus open up a r oute t oward t he development of novel i ntegrated optoelectronic and plasmonic devices.

INDEX T ERMS Metal-insulator-metal, surface plasmon, inelastic tunneling, light emitting, negative
resistance effect f ield.

I. I NTRODUCTION
Polarization mode (plasmons) at t he i nterface of a metal and
a dielectric i s a good mediator of energy t ransfer between
electrons a nd photons [ 1]. Unlike photons, e nergetic e lec-
trons c an e asily c ouple t o p lasmons d ue t o t heir h igher
momentum [ 2]. Energetic e lectrons c an b e g enerated b y
tunnelling one electrode t o i ts counterpart i n a biased metal-
insulator-metal j unction. Most e lectrons t unnel e lastically,
maintaining t heir energy during t he t unneling process, while
others t unneling i nelastically [ 3], [ 4]. The l atter i s a p ro-
cess i n which a t unneling electron excites a surface plasmon
in t he j unction a nd i ts e nergy l oss i s e qual t o a q uan-
tum of plasmon. This phenomenon was f irst observed by
Lambe and McCarthy i n 1976 [ 5].
Accompanying t he i nelastic t unneling processes i s l ight

emission, which occurs as a result of t he scatter or decay of
plasmons [ 5]. Compared t o other l ight e mitting processes,
one major appeal of i nelastic electron t unneling l ight emis-
sion i s i ts e xtremely h igh s peed [ 4]. B ecause i t d oes
not r ely on i ntermediate e xcitations s uch a s e lectron-hole-
pairs, t he operating s peed of t he devices i s f undamentally
only l imited b y t he t unneling t ime o f e lectrons t hrough
the j unction. T his s peed i s o n t he o rder o f t ens o f
femtoseconds [ 6], t herefore, t his mode o f l ight e mission

has many a pplications i n u ltrafast o ptoelectronics a nd
communication.
The prevailing mechanism for the inelastic electron tunnel-

ing excitation of l ight i nvolves a t hree-step process [ 2], [ 7]:
(I) e lectrons t unnel i nelastically f rom o ne e lectrode t o
another i n t he j unction; ( II) s urface p lasmon p olaritons
(propagating o r l ocalized) a re e xcited b y c oupling f rom
the e lectron e nergy l oss �ω, a ccompanied by t he genera-
tion o f “ hot e lectrons” [ 8]; a nd ( III) t he c oupled s urface
plasmon may s ubsequently d ecay i nto f ree-space r adia-
tion when i t e ncounters s tructural a symmetry, s uch a s
edges or bulges [ 9]–[11]. Consequently, t he l ight e mitting
performance i s s trongly d ependent o n t he morphology o f
the t op electrode [ 4].
In t his manuscript, we i nvestigate t he e lectrical a nd

optical p erformance o f a metal-insulator-insulator t unnel-
ing j unction with s everal different t op e lectrode s tructures
(i.e., r oughness). At a c ertain optimized r oughness, higher
efficient l ight e mitting i s o btained c ompared with o ther
devices with lower roughness. Accompanying the light emis-
sion process i s a negative r esistance (NR) [12] phenomenon
observed in devices with a high roughness top electrode. This
phenomenon i s not observed i n devices f eaturing electrodes
with low roughness. The electrical driven light emitting diode
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with t his NR effect i s of great i nterest f or f uture optoelec-
tronic d evices. The d evice s tructure i s s hown i n Fig. 1 a,
where highly doped Si acts as t he bottom electron emitting
cathode, f ollowed by a SiO2 t unneling barrier, and Au plas-
monic n anostructures a re s ituated o n t he t op a s t he l ight
emitting mediator. The t hree physical s teps i nvolved i n t he
light emitting process are shown i n Fig. 1b.

FIGURE 1. ( a) Schematic diagram of the electrical driven l ight emitting
tunneling j unction and (b) i llustration of light emitting mechanism.

II. EXPERIMENT AND SIMULATION DETAILS
In t he f abrication process ( sample 1), t he 10 nm SiO2 l ayer
is f ormed by annealing a Si chip ( doped with Sb t o a con-
centration of 2.5×1019 cm−3)  i n air for t wo hours at 400◦                              C.
The c hallenge i s t he f ormation of a n optimized nanoscale
plasmonic nanostructure on t he t op e lectrode f or e fficient
light emission. One key reason i s t hat, while preserving high
surface roughness, t he electrical conductivity should also be
maintained, which r equires well-connected n anostructured
islands, r ather t han i solated i slands. I t i s f ound t hat t he Au
plasmonic structure can be formed by annealing t he t hin Au
film i n a ir [ 13]. The morphology c an be t uned by c hang-
ing t he annealing t emperature. This i s possible due t o t he
higher surface energy of t he metallic l ayers t han t hat of t he
oxide l ayers. The diffusion r ate of metal atoms i ncreases at
high t emperature, causing t he t hin f ilm t o assume an i sland
structure. To allow f or t he best conditions, t he s ample was
annealed in air at an optimized temperature of 180◦C for two
hours, resulting i n an Au nanomesh structure with nanoscale
features ( Fig. 2a, b). We f abricated another device possess-
ing a nanohole plasmonic structure (sample 2), employing an
electrical annealing method. In this device, one applies a bias
voltage between t he bottom and t op electrodes t o generate

a high t unneling current. The non-uniform t unneling current
then generates r andomly-distributed “hot s pots” on t he Au
film. Nanoscale hole structures f orm as a r esult of t he l ocal
heating effect at t he t unneling s ites ( Fig. 2c, d). Compared
with the before-mentioned Au nanomesh film formed via the
annealing method, f ewer edges and bulges are observed i n
the l atter process r equiring a bias voltage.

FIGURE 2. S canning electron microscopy i mages for the top electrode of
two MIM devices: sample 1 in (a) l ow magnification, (b) high
magnification, (c) sample 2 in low magnification, and (d) high
magnification.

The a ctive a rea of both devices were 3 mm × 3 mm.
The measurements were c arried o ut i n a ir. Electron t un-
neling was c ontrolled b y a pplying a b ias v oltage u sing
a s ource meter. The l ight emission s pectrum was r ecorded
with a spectrometer.

III. RESULTS AND DISCUSSION
The t unneling c urrent d ependence o n t he b ias v oltage
(I-V c urves) of s ample 1 i s s hown i n Fig. 3a. As s hown
in t he i nset, at l ower bias voltages ( <2.9 V), t he t unneling
current i ncreases l inearly, corresponding with direct t unnel-
ing ( DT). With i ncreasing v oltage ( >2.9 V), t he c urrent
reveals a nonlinear i ncrease, corresponding with a t riangu-
lar barrier f ield e mission ( FE) process. The c orresponding
Fowler–Nordheim ( FN) plot ( Fig. 3b, l ow voltage r egion)
is f ully compatible with a MIM t unnel j unction t hat shows
direct t unneling f or f ield emissions at higher voltages with
a t ransition voltage of ∼2.9 V. As t he bias voltage i ncreases
(>3.3 V), we o bserve a d eviation o f t he t unneling c ur-
rent f rom t he FE r egime ( Fig. 3 b), f ollowed b y a r apid
decrease f rom ∼40 mA t o ∼9 mA when t he bias voltage
increases from 13.3 V to 23.4 V. This effect is known as neg-
ative r esistance ( NR) [ 14]. After t hat, t he current i ncreases
again as t he bias voltage rises (> 23.4 V). In t he bias region
of >3.3 V, t he t unneling e lectrons gain e nough e nergy t o
effectively excite t he plasmons. The excited plasmons ele-
vate t he occupied energy l evel at t he t op Au nanostructure
due t o t heir “hot electrons” [ 15] ( Fig. 1b), t hereby r educing
the electron t unneling probability from t he bottom electrode.
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This l imits t he t unneling current f low, causing a deviation
in t he e mission c urrent f rom t he FE r egime ( here defined
as p lasmon l imited F E, P LFE) a nd NR e ffect. With a n
increase i n t he bias voltage ( > 23.4 V), t he highest occu-
pied e nergy l evel on t op of t he Au nanostructure c an be
lowered e nough t o e nable e lectron t unneling a gain. Thus,
the c urrent f low i ncreases with a n i ncrease i n t he b ias
voltage ( > 23.4 V).

FIGURE 3. ( a) I-V curve of sample 1 and (b) i ts FN plot, (c) I-V curve of
sample 2 and i ts FN plot.

The I -V curve f or sample 2 i s shown i n Fig. 2c. No NR
effect i s observed i n t he measurement bias r ange. Unlike
sample 1, a l arge portion of t he excited plasmons i n s am-
ple 2 p ropagated i n t he g ap r egion, f ollowed b y a r apid
decay i n distance ( <30 nm) [ 4]. Conversely, only a s mall
portion near t he hole s tructure was a ble t o c ouple t o f ree
space r adiation [ 4]. Due t o Ohmic l oss, t he majority of t he
system’s energy t ransfers t o t hermal rather t han photon ener-
gies. The “hot electron” will also be generated on t he Au
film; however, due t o t he l imited area ( i.e., “hot s pot”), i t
has l ittle e ffect on t he t otal t unneling e lectron population.
Consequently, the tunneling current of sample 2 is more than
one order higher t han t hat of sample 1 at t he same bias volt-
age ( Fig. 3a, c). The comparsion s upports our explaination
of t he NR effect.
The l ight e mission i mages a re s hown i n t he i nset o f

Fig. 4, which displays high uniformity for t he whole device.
The h igh magnification i mage r eveals many b right d ots,
which s uggests t hat t he l ight e mission i s mainly l ocated
at t he edges of t he nanostructures. The measured l ight emis-
sion s pectra o f s ample 1 u nder v arious b ias v oltages a re
shown i n Fig. 4. According t o both t heory and experimen-
tal o bservations [ 3], i nelastic e lectron t unneling r esults i n
broadband l ight emission with a high-energy photon cutoff
given by

�ωmax = |eVbias| (1)

where �ωmax i s t he photon energy, e i s t he electron charge
and V bias i s t he a pplied b ias v oltage i n t he j unction.
According t o e quation ( 1), higher r esonances s hould only
be e xcitable i f t he a pplied bias e xceeds t he e nergy of t he
resonances mode. As s hown i n F ig. 4 , t his b ehavior i s
indeed observed. The peak of t he s pectrum s hifts t o blue
with a n i ncrease i n t he b ias v oltage. T he e xperimental
data s how good a greement with e quation ( 1). I n a ddition,
in t he NR r egion, t he l ight i ntensity scales l inearly with t he
bias voltage, and i nversely with t he t unneling current. This
is generally good f or high efficiency l ight emission.

FIGURE 4. L ight emitting spectrum of sample 1 under different bias
voltages. The insets show the l ight emitting i mages i n low (top) and
high (bottom) magnifications.

IV. CONCLUSION
In conclusion, l arge uniform MIM t unneling j unctions based
on h eavily-doped S i, S iO2, a nd Au n anostructures were
fabricated a nd c haracterized e lectrically a nd optically. The
electrical driven l ight emitting performance i s s hown t o be
strongly dependent on t he r oughness of t he t op e lectrode.
Along with efficient l ight emitting i n t he optimized devices,
the NR effect is observed, which has potential applications in
next generation opto-electronic devices, i ncluding communi-
cations and computing. Additionally, t he MIM structure here
is a lso c apable of c onverting f ar-field r adiation i nto l ocal-
ized energy, which i s of particular i nterest i n photovoltaics,
photodetection and optical sensors.
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