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We present measurements of light emission from Al-Al,0;-Ag tunnel junctions on
holographically produced, sinusoidal profile gratings. Sharp angle tunable emission peaks
result from coupling out of the Ag-vacuum fast surface-plasmon polariton by the grating
structure. The dependences of the emission intensities on angle, frequency, bias voltage
and current, and grating amplitudes agree well with a recent theory by Laks and Mills
[Phys. Rev. B 22, 5723 (1980)]. The absolute intensities and dependence of intensities on
Ag-film thickness do not agree as well. We propose a possible explanation for this
discrepancy. PACS numbers 1977 73.40.Rw, 78.65.Ez BD2092

I. INTRODUCTION

Light-emitting tunnel junctions were first
demonstrated by Lambe and McCarthy in 1976."2
They biased Al-Al,Oz-metal tunnel junctions to
voltages V=2—4 V and observed broad-band op-
tical emission. The emission was strongest for
highly roughened top metal electrodes. Since
roughness is required for surface plasmons to radi-
ate, this implied that surface plasmons were being
excited by the tunneling electrons. Further, there
was a linear onset of the emission below a critical
frequency w, =eV /% which Lambe and McCarthy
took to mean that the plasmons were excited
through an inelastic tunneling process. They
reasoned that the bulk of the emission from these
devices was radiated from the “slow” or junction
mode (see Sec. III) which has field strengths most
highly concentrated in the junction region, and
therefore is excited most strongly by the tunneling
electrons. Several theoretical treatments of light
emission from tunnel junctions have subsequently
concentrated on radiation from the slow mode.’

Recently, Adams, Wyss, Hansma, and Broida*
have shown that radiation from tunnel junctions
can also couple out from localized plasmons. In
these experiments the top metal electrode was par-
tially composed of 10— 30-nm-diameter, roughly
spherical Au particles. At least part of the radi-
tion from these devices could be attributed to
spherical shape resonances of these particles.
These devices have also been theoretically
modeled.’

Detailed comparison of theory with experiment
for randomly roughened devices has been difficult
because of incomplete knowledge of their surface
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topology. For example, theoretical calculations in-
dicate that radiation from the slow modes must be
coupled out (at optical frequencies) by roughness
with Fourier components of 10 nm or less.®> While
such roughness is probably present in these devices,
quantitative analysis is difficult.

We report in this paper experiments in which
Al-Al,O3-Ag tunnel junctions have been fabricated
on holographically produced gratings with periodi-
cities from 120 to 1250 nm.® These junctions emit
angle tunable, quasimonochromatic radiation at op-
tical frequencies with total external quantum effi-
ciencies comparable to those measured for random-
ly roughened junctions. The frequency versus
emission angle dependence of these devices shows
that the radiation results from the Ag-air interface
surface-plasmon polaritons (SPP’s), which can radi-
ate in the visible by momentum transfer with the
grating periodicity. These modes propagate at
nearly the velocity of light and are therefore re-
ferred to as “fast” plasmons.

Furthermore, (1) a detailed study of the voltage
and frequency dependences of the emission intensi-
ties from these devices allows us to account for the
power spectral densities of the current fluctuations
through the junctions to derive a universal “anten-
na factor” curve. The relative intensities in this
curve are in turn well modeled by a theory recently
proposed by Laks and Mills (LM).” (2) The emis-
sion linewidths and dependence of intensities on
grating amplitudes also agree well with LM. (3)
The experimental absolute intensities, on the other
hand, appear to be at least 35 times larger than
predicted by LM. (4) The dependence of the emis-
sion intensities on the Ag-film thickness L follows
the relation I ~e%/* where ¢ varies from 7.5 to 22
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nm depending on the details of the sample prepara-
tion procedure. The length ¢ does not correspond
to the optical screening length (~ 10 nm) in these
fims, as might be expected if the SPP’s were excit-
ed most strongly in a region close to the tunneling
barrier.

We argue that the higher than predicted emis-
sion efficiencies, as well as the sample-dependent
attenuation lengths, may imply that there is an ad-
ditional, previously neglected component of the
tunneling-electron — surface-plasmon-polariton in-
teraction localized at the Ag-vacuum interface.
The parameter ¢ is then interpreted as the hot-
electron mean free path in these films. Although
our best demonstrated total external quantum effi-
ciencies are ~ 1079, we believe that efficiencies can
be improved: Techniques for doing so will be dis-
cussed.

II. EXPERIMENTAL TECHNIQUES

The light-emitting tunnel junctions (shown
schematically in Fig. 1) were prepared as follows:
One-inch-diameter, polished, 110 orientation, sil-
icon wafers were oxidized to 50-nm SiO, and coat-
ed with 100—200-nm photoresist. The photoresist
was holographically exposed® by beam splitting the
325-nm line from a HeCd laser, reflecting, spatially
collimating, and thereby defocusing the two spheri-
cally expanding beams to interfere spatially on the
wafer. The variation in grating periodicity across
the wafer due to the use of spherical rather than
plane-wave interfering beams was extremely small,
less than one part in 10°. The exposed films were
then developed using standard techniques. The
grating periodicities were varied by adjusting the
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FIG. 1. Sample geometry. Junctions are evaporated
on holographically produced, sinusoidal profile gratings
with periodicity length a and amplitude 8. The oxide
thickness is d and the Ag thickness is L. Standard
spherical coordinates are used for the angular measure-
ments.
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beam geometry; the grating amplitudes were con-
trolled by varying the exposure and development
times. Grating periodicities ranging from
120— 1250 nm were produced, with amplitudes
ranging from 5— 100 nm.
, The photoresist films were dried 30 min at 70
C, and then placed in a standard LN, trapped oil
diffusion pumped evaporation system. The system
had a base pressure of ~10~7 Torr. All evapora-
tions were done at <2X 10~ Torr with the sub-
strate at room temperature. Five Al strips 2-mm
wide, 10-mm long, and 40-nm thick were evaporat-
ed from a resistively heated W filament onto the
photoresist films. The substrate was than heated
to 70°C in room air (30—70 % relative humidity)
for 30 min to oxidize the Al films, then returned
to the evaporator for completion of the junctions
with a 2-mm-wide, 25-mm-long, 15— 60-nm-thick
Ag film. Film thicknesses were measured with a
calibrated 5-MHz quartz-crystal oscillator. We
found that junction resistances of >80 () were re-
quired for usable light-emitting samples. This
often required an additional oxidation of the com-
plete sample in room air for a few days. The oxi-
dation apparently occured through diffusion of ox-
ygen through the Ag films. Junction resistances
were measured with a four-terminal technique: It
was clear from these measurements that the resis-
tance between the Al and Ag films rather than the
film resistances, was increasing. Junctions with
thicker Ag films oxidized less rapidly; oxidation
could be stopped completely by storing the samples
in a dry atmosphere. Eventually all of our samples
became usable. We observed no sample degration
besides the gradual decrease of the sample conduc-
tance. Leads were attached to the films with In
solder and the samples were mounted in a closed-
cycle refrigerator and cooled to ~25 K. All resu-
Its reported here are for junctions at low tempera-
tures. Cooling was required to maintain sample
stability at the highest bias voltages: No changes
in emission spectra were observed when samples
were warmed to 200 K, but samples warmed to
room temperature were roughly 50% less intense
than junctions at low temperatures under the same
bias conditions. Near the onset frequency for a
particular bias voltage, the differences between the
warm and cold junction intensities were even
larger. The origin of this effect is not yet clear.
The samples were biased at up to 2.7 V with up
to 100 mA (dc) with the Al-film biased negative.
The junctions suffered irreversible breakdown at
much lower applied biases with the opposite polari-
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ty. Emission spectra, however, were identical for
the two polarity biases if the bias currents I, were
normalized out. Samples could be biased up to 2.9
V with a 60-Hz square-wave bias (+ V' =2.9 V,

— ¥V =—0.7 V).> The square-wave bias also al-
lowed us to run our sample biases up to 2.5 V at
room temperature, but made quantitative normal-
ized intensity data more difficult: All results re-
ported here used dc bias.

The emitted light was passed through an optical
window, angularly resolved with a 1.5-mm-wide,
10-mm-high slit 60 mm for the junction plane, and
then focused onto the entrance slit of a single-pass
Czerny-Turner spectrograph with an 1800 line/mm
diffraction grating. The sample was aligned so
that the grating modulation of the juncton cross
sections was parallel to the resolving slit and the
entrance slit of the monochromator. The observed
emission angle was varied by rotating the refrigera-
tor with respect to the optics. The polar (6 in Fig.
1) angular resolution was 1.4°, the azimuthal angle
() was held at 0° within an angular aperture of
9.5°. The solid acceptance angle was 4.2 1072 sr.
The monochromator was run with full-width-at-
half-maximum frequency resolution of 85 cm™".
Optical throughput was 10% at 632.8 nm. The
dispersed light was detected with a cooled RCA
31034 phototube and photon counting detection.
The phototube quantum efficiency was estimated
by the manufacturer to be ~10%. The junction
bias voltage and current were continuously moni-
tored while the spectra were being taken: Most of
the data presented here was normalized with
respect to the total current through the junction.

Grating periodicities were determined by
measuring the first-order diffraction angle of the
632.8-nm line of a HeNe laser. Grating amplitudes
were determined by measuring the first-order dif-
fraction efficiency of the Al-Ag sandwich in p po-
larization and fitting it to a first-order perturbation
expression by Heitman.!® This expression is ex-
pected to be good up to amplitudes of ~30 nm.
We apply it to gratings of somewhat larger ampli-
tude (55 nm) in Sec. IV. Any errors associated
with this extrapolation should not affect the quali-
tative conclusions of this paper.

III. EMISSION FREQUENCIES

The emission from an Al-Al,03;-Ag junction on
820-nm periodicity, S-nm-amplitude photoresist
grating, biased at 2.5 V, is shown in Fig. 2. The
emission, primarily p polarized, is composed of a
broad-band, relatively emission-angle-independent
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FIG. 2. Light-emission spectra from an Al-Al,O3-Ag
tunnel junction on a 5-nm amplitude, 820-nm periodicity
photoresist grating for various values of the polar angle
6. The large peak corresponds to surface-plasmon
polaritons coupling to light to first order in the grating
periodicity; the smaller peaks correspond to second-
order scattering.

background, upon which is superposed sharp
angle-tunable emission peaks. We attribute the
background to coupling from residual roughness in
the junction structures. The relatively small back-
ground intensity—as compared to the sharp emis-
sion peaks—as well as the good agreement between
calculated and measured dispersion curves for junc-
tions on low-amplitude gratings (as described
below), imply that residual roughness in the junc-
tion structures did not dominate the radiative
properties of our samples. Nevertheless, it should
be pointed out that such uncontrolled roughness
did exist. The sharp peaks resulted from coupling
of the Ag-vacuum fast surface-plasmon polariton
to light through the grating periodicity.

We can make this assignment by comparing the
experimental frequency-wave-vector dispersion
curve with theoretical calculations. Details of the
calculations can be found elsewhere'!: Only the
relevant results will be described here. The three
lowest energy normal modes of the tunneling junc-
tion structure are (see Fig. 3) (1) the slow or junc-
tion mode in which the fields are concentrated in
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FIG. 3. Calculated surface-plasmon-polariton disper-
sion curves for the three lowest energy modes in our
tunnel junction geometry. Mode 1 is the slow or junc-
tion mode, mode 2 is the fast Ag-air interface surface-
plasmon polariton, and mode 3 is the fast Al-photoresist

mode. The emission from our samples results from
mode 2.

the junction region, and surface charges on oppo-
site sides of the oxides have opposite signs, (2) the
fast Al-photoresist interface mode in which the
propagating fields and charges are strongest at the
Al-photoresist interface, and (3) the fast Ag-air in-
terface mode. The Al-photoresist mode is signifi-
cantly lower in frequency below 3 eV than the Ag-
air mode because of dielectric screening by the
photoresist and Si substrate. The junction mode is
in the infrared for emission from grating structures
with our periodicities.

The resonance condition for coupling a surface-
plasmon polariton of wave vector k ] using the no-
tation of LM (Ref. 7) to light through a grating
periodicity Q =2m/a is

ﬁc)—sinB cos¢p =k {|cos¢’ +0Q, (1)

%sino sing =k sing’ +0Q, %)

where ¢7 is the azimuthal angle of the surface-
plasmon-polariton wave vector with respect to the
grating wave vector, 6 and ¢ are the polar and az-
imuthal angles of the emitted photon (see Fig. 1),
and o=+1,42, gives the scattering order. Our
measurements were made for ¢ =0 so the simpler
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FIG. 4 Measured dispersion curves for a junction on a
81.5-nm amplitude, 815-nm periodicity grating. The er-
ror bars are the upper and lower half-maximum intensi-
ty points for each peak. The solid curves are theoretical
curves as described in the text. The modes on this rela-
tively large-amplitude grating are slowed and broadened.

relation
kf="sing=kf
(1= c sing= Il +0'Q (3)
holds.

In the energy region 1.5—3.0 eV the Ag-air
fast-mode dispersion curve is well described by the
simple model of a semi-infinite metal [dielectric
constant €(w)] -vacuum interface. In this case the
surface-plasmon-polariton dispersion curve is given
by
172
@
c

o elw)
ki = elw)+1 “

This expression closely follows that light line
w=ck for Ag with #iw <3.7 eV. The resonance
condition [Eq. (3)] can be shown graphically by
displacing the dispersion curve by oQ in a plot of
fiw vs kﬁ. We show in Fig. 4 such a plot for a
junction on a grating of periodicity a =815 nm,
amplitude §=81.5 nm, biased at 2.3 V. The error
bars represent the upper and lower half-maximum
intensity points for each energy. The diagonal
solid lines in Fig. 4 result from substituting (4) into
(3), using the Ag dielectric constants of Johnson
and Christy.!? Similar curves generated using the
full Al-Ag structure gave indistinguishable lines in
this energy range. The experimental data is some-
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what lower than the theoretical curves. We believe
that is due to grating induced perturbations from
the smooth surface behavior as reported by other
authors.!* Note that the deviations from the
theoretical curve are largest for the broadest (and
presumable most strongly damped) SPP’s. As the
grating amplitudes were made larger the peaks be-
came more intense, broadened, and shifted to lower
energies, especially near the zone center (k‘|’|
=m/a). In addition, there were the expected ener-
gy gaps at the crossings of the 0= — 1 branch with
the 0=2 and 3 branches, and the higher-order
peaks were always narrower than the lower-order
peaks at a given emission peak energy.

The experimental data in Fig. 2 is then easily in-
terpreted: The large peak which moves to higher
energies at higher angles results from the o= —1
resonance. The small peak which moves to lower
energies at higher angles corresponds to 0 =2. The
two resonances cross at ~25°.

IV. INTENSITIES: PLASMON-
PHOTON INTERACTION

Interpretation of emission intensities from light-
emitting tunnel junctions requires detailed math-
ematical modeling. Recently, Laks and Mills’
presented a theory for the light emission from tun-
nel junctions on gratings with nearly our geometry.
In their model only the upper surface of the Ag
was modulated by the grating; all interfaces in our
junctions are modulated. This would not be ex-
pected to cause a significant discrepancy between
theory and experiment since most of the surface-
plasmon-polariton energy density is located near
the modulated Ag-vacuum interface. They used a
Green’s-function formalism to solve Maxwell’s
equations for the contribution to the emitted radia-
tion due to a first-order grating perturbation of the
dielectric properties of the junction. The currents
driving the radiation were the current fluctuations

across the tunnel junction, using the simple expres-
i
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sion first derived by Hone et al.’

We present the conclusions of the paper of Laks
and Mills’ in detail in order to show that the
present picture of the emission mechanism, or even
the most obvious extensions of this picture, while
working very well for most of our experimental
results, cannnot explain all of them.

LM (Ref. 7) assumed that the current fluctua-
tions extended across the entire Ag film. This
would imply that the radiation from the junctions
would remain constant in intensity as the Ag films
were made thicker. As we will show below, the in-
tensity decreases dramatically with increasing Ag-
film thicknesses. We have therefore modified the
expression presented by LM to allow the tunneling
current fluctuations to decay exponentially into the
Ag films. In the notation of LM they assumed
that the current fluctuation correlation function

A(z,z')=1. We take instead,
eK(z+z'~2d), 7z and z'>d
A(z,2') =1{eKz+7) 7 and 2z’ <0 (5)

1, O<zand z' <d

with A(z,z’)=0 otherwise.

With this assumption, Laks and Mills’s final ex-
pression for the number of photons emitted by the
junction per unit time per unit frequency band-

width per steradian is given by'*

d’N 08| e(w)—1]2 e 20
dQdodt ~ tenhc’  C| Vo |
J(KE,0)A (K 0k
(6)

S D) |2 kG2

where § is the amplitude of the grating, R’ﬁ is given
by Egs. (1) and (2),

J(Kf,@)= | E;>rycos(¢p—¢°) +E,” r,tan6 | 2

+ | E>rysin(¢—¢7) /cosO | 2, M

and

9)

(10)

(11)
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where the subscripts i =0,1,2,3 correspond, respec-
tively, to the vacuum, Ag, AL,0;, and Al; n,, n,,
n,, dy, and d,, are evaluated with k I —kﬂ
=(w/c)sin 6, kg=k=(w/c)cosh, and D(kfj, o)
=d, with the k;’s evaluated for k) =k{} as deter-
mined by Eq. (3). N

In the expressions above J ( kﬁw) is a term con-
taining the angular dependence of the emission in-
tensities, and results from matching the momentum
of the surface-plasmon polariton on the surface
with that of the emitted photon in free space

through the grating periodicity. The first term in
J (k“,m) represents p-polarized radiation (the elec-
tric field vector of the exiting photon in the plane
defined by the surface normal and the photon wave
vector); the second term represents s-polarized radi-
ation (the electric field vector of the exiting photon
parallel to the surface). Since our measurements
were made at ¢ =¢? =0, we only observed the p-
polarized radiation. The denominator D( k“,w)
contains the resonance factors and reduces the ra-
diation from the bulk of the junction by electro-
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magnetic screening. The factor A(Eﬂ,a)) describes
the interaction of the current fluctuations in the
junction with the surface-plasmon-polariton fields.
It is this factor which we have modified from Laks
and Mills’s expression to take into account the fin-
ite extent of the tunneling current fluctuations in
the metal films. We should note at this point that
the theory of Laks and Mills is to first order in the
grating structure perturbation of the field distribu-
tions of the surface-plasmon polaritons. It there-
fore does not take into account line broadening and
lowering of the dispersion curve due to finite grat-
ing amplitudes. It also quite naturally does not
take into account additional loss mechanisms such
as scattering from impurities and residual rough-
ness in the junction structures.

As noted above, for a given junction at bias vol-
tage V, and current I, the emission peaks moved
in energy as the observation angle was changed.

As the resonance energy increased the peaks be-
came more intense and broader until the cutoff fre-
quency wo=eV,/#i was approached. As the bias
voltage was increased the peak intensities as well as
the cutoff frequency increased. We show in Fig. 5
the integrated intensities for an Al-Al,03-Ag junc-
tion on an 815-nm-periodicity grating for five dif-
ferent bias voltages.

10° .
© 1.8V 18mA
420V 25mA
0 22V37mA
s | ®24VE9mA
- s 26Vv8EmA

Intensity ( cps/steradian )
)
N
T
L]
L]
1

1.0 1.5 20 25 3.0
Peak Position ( eV )

FIG. 5. Integrated intensities for a 20-nm-Al-film
thickness junction on a 815-nm periodicity grating, as a
function of peak emission energy (for the o= —1 peak)
for five different bias voltages. As the bias voltage in-
creases the peaks become more intense and extend to a
higher-energy linear cutoff. There is a nearly exponen-
tial falloff in integrated intensities at low energies.

For a given junction geometry at a given emis-
sion angle the bias characteristics of the junction
emission are given by the power spectral density of
current fluctuations across the tunneling junction.’

[ () |2=elo(1—iw/eV). (19)

Note the appearance of this expression as a fac-
tor in Eq. (6). We obtain the emission efficiency,
the density of states weighted probability that an
electron will be coupled into a photon, by dividing
the experimentally measured photon rate by
|I(w)|?/e* The result is shown in Fig. 6 for the
junction of Fig. 5. The emission efficiencies fall on
a universal curve for all of the bias voltages and
currents measured. This should not be surprising
since Eq. (19) results from a density of states argu-
ment: Electrons losing small energies have more
available final states than electrons losing large en-
ergies. In particular, these measurements cannot
make a distinction between energy loss in the ox-
ide, in the Ag film, or at the Ag surface.

The solid line in Fig. 6 is the theoretical predic-
tion of Laks and Mills, taking the thickness of the
oxide d =3 nm, the Ag-film thickness 20 nm,

Q =7.2%107> nm™!, measured dielectric con-
stants for Al (Ref. 15) and Ag (Ref. 12), and set-
ting the dielectric constant of the oxide €,=3. The
theoretical curve is normalized to experiment at
2.3 eV. The agreement for relative intensities be-

10 | —T T

Intensity ( counts/electron steradian )
°
T

-12 1 L 1
1.0 1.5 2.0 25 3.0

Peak Position ( eV )

FIG. 6. Integrated intensites of the data of Fig. 5 di-
vided by the power spectral density of current fluctua-
tions. [Eq. (19)]. The data lie on a universal “antenna
factor” curve. The solid line is the theory of Laks and
Mills normalized to the data at 2.3 eV.
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tween theory and experiment is quite good. How-
ever, as will be discussed below, the absolute nor-
malization factor used in Fig. 6 is at least 35 times
larger than predicted by the theory of Laks and
Mills.

The most striking feature of this curve is that
the efficiency of the grating as an antenna increases
dramatically as the emission frequency increases.
This apparently occurs because the surface-
plasmon-polariton electric fields become more com-
pacted at the Ag-vacuum interface as the resonance
proceeds up the dispersion curve and away from
the light line. The grating can then act as a better
antenna since more energy is stored at the inter-
face. While other antenna structures, such as those
developed by Hansma et al.,* radiate more effi-
ciently in the red, grating structures may well offer
superior performance at higher energies.

One of the consequences of the higher efficien-
cies for higher-frequency radiation from gratings is
that our light-emitting tunnel junctions become
much more efficient when biased at higher vol-
tages. We show in Fig. 7 the total predicted exter-
nal quantum efficiencies (integrated over energy
and emission angle), using the theory of Laks and

~10
10 T T T T T

Al-Al,0,-Ag Tunnel Junction

d=3 nm L=20 nm

2

2

(178} dN,/dN, ( photons/electron nm )

10—13 1 I 1 1 1
20 22 24 26 28 30 32
Bias Voltage ( voits )

FIG. 7. Predicted total external quantum efficiencies
of the theory of Laks and Mills as a function of applied
bias for two grating periodicities—Q =27 /a =7.2X 1073
and 5.2% 10™* nm~!. These devices are at least 35
times more efficient than predicted, but as predicted be-
come much more efficient as the bias voltage is in-
creased and radiate much more efficiently in the blue
than in the red.

Mills as a function of applied bias for two grating
periodicities. These curves have been cut off for
eV > 3.2 eV because of numerical difficulties. The
curves can be expected to saturate for V~3.7 V
because of the large damping above 3.7 €V in Ag.
These curves show graphically the unique nature of
these devices: They work much better at large bias
voltages and radiate much more strongly in the
blue than in the red. We have attained bias vol-
tage of 2.9 V with a square-wave bias: Voltages of
4.0 V have been reported using a pulsed source.!®
The best quantum efficiencies for randomly
roughened light-emitting tunnel junctions with
Ag-top electrodes were reported to be ~107> at a
bias voltage of 3.5 V.! Although we could not reli-
ably attain such high biases, we can extrapolate our
results at lower voltages by using the slope shown
in Fig. 7. For instance, the total external quantum
efficiency for a 55-nm grating amplitude junction is
~1x10~7 with a bias voltage of 2.3 V. If we ex-
trapolate from the curve in Fig. 7, this junction
would have an efficiency of ~2X 107> at 3.5 V.
(This particular junction could not support large
bias voltages.) Extrapolation of these curves is
dangerous because eventually radiation damping
will limit the ultimate quantum efficiency of these
devices. However, it appears that external quan-
tum efficiencies comparable to those of randomly
roughened devices can be attained with present
junction preparation techniques. In addition, the
emission from our devices into a particular angle is
nearly monochromatic so that the efficiency per
steradian per unit bandwidth can be significantly
higher than that from randomly roughened devices.

The emission linewidths are also of interest. The
observed linewidths varied from sample to sample,
presumably varying with details of photoresist
preparation, thin-film deposition, and oxidation
procedures. We did not establish quantitative rela-
tionships with any of these factors although we did
find that junctions with larger grating amplitudes
produced larger emission linewidths. The nar-
rowest peaks observed were those of the sample of
Fig. 2.

Figure 8 shows the measured full-widths-at-
half-maximum intensity for this sample as a func-
tion of emission peak energy. The solid line is the
prediction of the theory of Laks and Mills using
the experimentally determined dielectric responses
of Ag (Ref. 12) and Al (Ref. 15). These dielectric
constants were measured with evaporated films
similar in thickness to ours—but on smooth sub-
strates. The additional uncontrolled roughness of
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our substrates might be expected to add to the loss
in these films. Even the lowest loss sample (that of
Fig. 2) had larger bandwidths than theoretically
predicted. The additional widths of the emission
peaks imply that the SPP resonances and the
resulting field in the junction region are significant-
ly weaker than would be expected from a simple
first-order calculation. This additional loss may be
due to (1) extra impurities or defect structure in the
metal films composing the tunnel junctions, or (2)
scattering losses from the large-scale grating struc-
ture or small-scale uncontrolled roughness. By
measuring the emission linewidths we have a direct
method for checking on the local-field intensities
that can be expected under optical irradiation, a
quantity of importance in interpreting the surface
enhanced Raman effect.!’” The presence of this ad-
ditional loss even at very low grating amplitudes
implies that the external quantum efficiencies, as
well as the efficiencies per steradian per unit
bandwidth of these devices can be significantly im-
proved by reducing unwanted roughness and

scattering.
The theory of Laks and Mills” indicates that the

100 T T T T T T
80 [ b
% 60 [
£
a2
£
2
2
x
S 40 -
o
20
0 I I L 1 I 1

14 16 18 20 22 24 26 28
Energy (eV )

FIG. 8. Measured emission peak widths (full-width-
at-half-maximum intensity) for the sample of Fig. 2
(solid circles). The lower solid line is the predicted
widths of Laks and Mills assuming experimentally mea-
sured dielectric constants for smooth annealed evaporat-
ed films. Even for our lowest amplitude gratings the
larger emission peak widths indicate that our films have
loss mechanisms in addition to those expected for ideal
thin films.

intensity of light emission from our tunnel junc-
tions should be proportional to the square of the
grating amplitude. We show in Fig. 9 a compar-
ison of the emission patterns of three junctions
with grating periodicities of 1225 nm and grating
amplitudes of 25, 44, and 55 nm, respectively. As
the grating amplitudes increased the peaks became
broader, more intense, and were shifted to slightly
lower peak energies (the dispersion curve of the
55-nm junction was ~ 3% lower than that of the
25-nm junction).

A plot of the integrated efficiencies of a set of
junctions on 1225-nm-periodicity gratings with
varying amplitudes, and with the current fluctua-
tion power spectral density [Eq. (19)] factored out,
is shown in Fig. 10 for emission at 1.74 eV. The
emission efficiency is proportional to the first-order
diffraction efficiency which should in turn be pro-
portional to the square of the grating amplitude.
There is no appreciable saturation of the square-
law dependence of integrated intensities on ampli-
tudes up to 55 nm.
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FIG. 9. Relative emission patterns for three junctions
on photoresist gratings with 1225-nm periodicity and
amplitudes of 25, 44, and 55 nm. As the grating ampli-
tudes become larger than peaks become more intense,
broader, and move to slightly lower energies.
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FIG. 10. Integrated emission intensities with the
current fluctuation power spectral density [Eq. (19)] nor-
malized out for a set of 1225-nm periodicity gratings
with varying amplitudes, as a function of first-order dif-
fraction efficiency. The emission efficiency is propor-
tional to the diffraction efficiency, and therefore propor-
tional to the square of the grating amplitude as expect-
ed.

V. INTENSITIES: ELECTRON-
PLASMON INTERACTION

The frequency, angle, bias, and amplitude depen-
dences of our experiments agree well with the
theory of Laks and Mills. However, there seems to
be a serious discrepancy between the predicted and
measured absolute intensities. For example, the
curve in Fig. 10 extrapolates to an emission effi-
ciency of 6 10~ counts per electron per steradi-
an at a diffraction efficiency of 0.5. If we account
for the total experimental optical collection effi-
ciency of ~1% (see Sec. II), this implies an emit-
ted efficiency of ~6X 10~% photons, per electron
per steradian. Using Heitman’s'® prediction for the
grating amplitude at this diffraction efficiency (63
nm) and the full theory of Laks and Mills (setting
the tunneling current fluctuation length = ), we
find a predicted efficiency of 1.63 X 10~° photons
per electron per steradian for the appropriate ex-
perimental parameters. This means that our tun-
neling junctions are at least 35 times more efficient
than predicted by theory. The theoretical number
is an upper limit since for this calculation we have
taken an infinitely long tunneling current fluctua-
tion decay length [K =0 in Eq. (18)]. As we will
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FIG. 11. Normalized emission efficiencies for a set of
junctions with varying Ag-film thicknessess L on 815-
nm-periodicity photoresist gratings. The emission effi-
ciencies decrease exponentially with L with a charac-
teristic length of ~8 nm for all energies.

see below, experiment shows that the current fluc-
tuations have finite extent. For the reasonable case
of current flucutation decay lengths of 20 nm, the
predicted intensities become 10 times smaller be-
cause the tunneling currents do not extend to the
region where the SPP fields are strongest.

Another discrepancy resulted when we studied
the dependence of the emission intensity on Ag-
film thickness. This was done by fabricating five
junctions per Si wafer with different counter-
electrode thicknesses on photoresist films with uni-
form grating amplitudes (within 10% as measured
by the diffraction efficiency). Figure 11 shows the
resultant relative intensities with all junctions
biased at 2.3 V and with the current fluctuation
power spherical density [Eq. (19)] normalized out.
At all peak energies the emission intensity de-
creased exponentially (I ~e ~£/*) as the Ag-film
thickness (L) increased; these samples produced a
characteristic length of  ~8 nm. To within experi-
mental error this length was independent of
emission-peak energy.

There are two important lengths involved in
modeling the Ag-film thickness dependence of
light-emission intensities if one assumes that the
interaction occurs within the junction volume. The
first is the current fluctuation attenuation length:
As this length gets shorter the tunneling electrons
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interact with the surface-plasmon-polariton fields
in a smaller volume and in a region with weaker
fields. The second length is the optical screening
length: As this length gets shorter the fields which
interact with the tunneling electrons become weak-
er. The crucial point is that the emission intensity
cannot fall off more rapidly than the slowest of the
two falloff rates if the interaction is in the bulk of
the films. For example, if the current fluctuation
attenuation length was very short and the entire in-
teraction was within the oxide region, the emission
intensity would decrease with increasing Ag thick-
ness like the optical screening length. On the other
hand, if the current fluctuation length was very
much longer than the optical screening length it
would dominate the emission falloff with Ag thick-
ness. Figure 12 shows the predictions of the
theory of Laks and Mills for tunneling current
fluctuation decay lengths (assumed the same for
both Al and Ag films) of «, 20,5, and 2.5 nm, at a
peak emission energy of 2.5 eV. For comparison
the measured ballistic mean free path of a hot elec-
tron 2 eV above the Fermi surface in a thin Ag
film is ~18 nm.'® Just as expected, these model
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FIG. 12. Predicted dependence of emission efficiencies
for the theory of Laks and Mills modified as described
in the text to account for the finite extent of the tunnel-
ing current fluctuations in the junctions, for current fluc-
tuation attenuation lengths of «,20,5, and 2.5 nm. In
all cases the attenuation length is at least as long as the
electromagnetic screening length (~ 12 nm in these
films), and much longer than the lengths measured for
the sample of Fig. 10.

JOHN KIRTLEY, T. N. THEIS, AND J. C. TSANG 24

curves never fall off more rapidly than the optical
screening length of ~12 nm.

This analysis of Ag-film thickness dependence is
made simple because of the additional scattering
losses in our samples. Because Al is much more
lossy than Ag at the frequencies of interest, the full
theory of Laks and Mills predicts that junctions
with relatively thin layers of Ag, having relatively
more energy density in the Al should have broader
emission lines than junctions with thick Ag. If
that were the case, the analysis of emission intensi-
ties as a function of Ag-film thickness would be
complex. However, for our samples the dispersion
curves and emission linewidths did not vary with
Ag-film thickness for 15 <L <60 nm. This meant
that the losses did not depend strongly on the rela-
tive thicknesses of Al and Ag in the sandwich.
Under these conditions the strength of the reso-
nance does not depend on Ag-film thickness and
modeling becomes relatively easy. We can then ig-
nore the Ag thickness dependence of the resonance
denominator D(kﬁ,a)) (aside from an electromag-
netic screening factor). The thickness dependence
is then described by the tunneling-electron-
surface-plasmon-polariton-field coupling factor
A(k]},®) which we have modified to take into ac-
count the finite attenuation length of the current
fluctuations in the junction [Eq. (5)].

The experimental results of Fig. 11 show that
the emission intensity does fall off more rapidly
than the optical screening length. This can be un-
derstood if we hypothesize that the coupling of the
tunneling electrons to surface-plasmon polaritons is
predominantly localized at the Ag-vacuum inter-
face as opposed to the junction region, or in the
bulk of the Ag film. In that case the exponential
falloff in emission intensity with Ag-film thickness
can be dominated by the finite hot-electron mean
free path rather than an algebraic sum of this
length with the optical screening length. Then the
relatively short mean free paths of the sample of
Fig. 11 could result from small film-grain sizes.'’

To test this hypothesis we tried to make Ag
films with larger grain sizes. The junctions were fa-
bricated on gratings etched directly into the Si sub-
strate. The substrate was then oxidized to 80 nm
of SiO, resulting in exceptionally smooth grating
surfaces. (Small-scale roughness observable in
scanning electron microscope pictures of the pho-
toresist gratings may provide nucleation sites, pro-
ducing additional grain boundaries and thereby
limiting hot-electron mean free paths.) In addition
the Ag films were evaporated rapidly (at a rate of
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1—2 nm/sec as opposed to 0.2—0.4 nm/sec for
the samples of Fig. 11). The rapid evaporation
could also be expected to improve film grain
sizes.

The integrated emission efficiencies for such a
sample on a 1.1-um periodicity grating on Si is
presented in Fig. 13. The characteristic falloff
lengths are 2—2.5 times longer than for the sample
for Fig. 11. There may in addition be some energy
dependence to the decay lengths: Lower frequency
emissions appear to fall off more rapidly in intensi-
ty with Ag-film thickness than higher-frequency
emissions. The characteristic length measured for
our best films, ~20 nm, agrees well with 18 nm
for the ballistic mean free paths of hot electrons 2
eV above the Fermi surface in Ag, as reported by
Crowell and Sze.' ,

Recently, Kroo et al.?! suggested that measure-
ments of the thickness dependence of intensities
from nominally smooth Al-Al,03-Ag junctions,
which correlated with theoretical estimates of the
mean free paths of ballistic hot electrons in these
films, could be interpreted to imply that (1) the ra-
diation was dominated by emission from the fast
mode as opposed to the junction mode, and (2) that
their experiments were indeed measuring the hot-
electron ballistic mean free path in these films.
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FIG. 13. Relative emission efficiencies for junctions
on a 1.1-um Si grating as a function of Ag-film thick-
ness. The relatively longer attenuation lengths (~20
nm) than measured for the sample of Fig. 10 are attri-
buted to improved film quality. These lengths agree
with previous measurements of hot-electron mean free
paths in Ag.

They obtained curves of intensity versus Ag-film
thickness that gave a characteristic length ¢ of ~16
nm. The difficulty with these experiments is that
Kroo et al. had no control of their surface rough-
ness and therefore had no control over which mode
radiated or how strongly. Since we have controlled
roughness coupling and include only the light
emission due to the first Fourier component of the
grating structure (the backgrounds were subtracted
out in all cases), there is no such difficulty in our
experiments.

There is also a major difference between our in-
terpretation and that of Kroo et al. In their
analysis they state that the surface-plasmon-
polariton fields of the Ag-vacuum fast mode extend
only a few nm into the metal. If this were true
than measurements of light emission versus Ag-
film thickness for samples with controlled
geometry could be unambiguously associated with
the hot-electron mean free paths. However, as very
elementary calculations show, the field penetration
depths are tens of nm’s. As our modeling shows,
the anomalous thickness dependence observed can
only be explained in terms of the hot-electron mean
free paths if the tunneling electrons interact most
strongly, not with the surface-plasmon-polariton
fields which penetrate throughout the junction
structure, but with the field gradients which are
largest at the Ag-vacuum interface.

A qualitative argument for strong tunneling-
electron —surface-plasmon-polariton interaction at
the Ag-air interface is as follows. The transition
matrix element for a tunneling electron to emit a
surface-plasmon polariton is proportional to>

[ 7 a®-A@dr, (20)
where
T AD=¢HOVEE —g(DVYHT).  (21)

¥; and ¢ are the initial and final electronic wave
functions and A(T) is the vector potential associat-
ed with the surface-plasmon polariton.

Present theoretical treatments of light-emission
intensities have neglected the spatial variation of
the vector potential A(F) since the wavelength of
light is much longer than the wavelength of the
electrons. However, at the Ag-air interface the
fields vary rapidly over atomic dimensions, imply-
ing that the surface term could predominate, espe-
cially when one considers that the field strength at
the metal surface is €;~ — 15 times larger (and of
opposite sign) than the field inside the metal. A
similar large surface effect has recently been report-
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ed in photoemission from aluminum.?

The addition of such a surface term to theories
of light emission from tunnel junctions would be
expected to increase the predicted absolute intensi-
ties and to change the dependence of intensities on
counter-electrode thickness, but would not be ex-
pected to modify the angular, voltage, frequency,
or grating amplitude dependences, all of which
agree well with the theory of Laks and Mills.

VI. CONCLUSIONS

We have shown that light-emitting tunnel junc-
tions fabricated on gratings with optical scale
periodicities radiate semimonochromatic, angle
tunable, optical radiation. This radiation originates
from the Ag-air interface fast surface-plasmon po-
lariton as can be demonstrated by measuring the
dispersion curve of the emitted radiation. These
experiments are the first to show conclusively that
the radiation results from a collective electromag-
netic resonance of the junction structures. The fact
that the fast mode can radiate relatively efficiently
shows that it should be considered in the study of
emission from randomly roughened samples.

The theory of Laks and Mills for radiation from
these junctions works well for the coupling of
surface-plasmon polaritons to light: the dispersion
curves, angular and frequency dependences of the
intensities, and to some extent the linewidths all
seem to be reasonably well understood. In addi-
tion, the expression for the power spectral density
of current fluctuations through the junction [Eq.
(19)] works well in producing a universal “antenna
curve” for these devices. However, the mechanism
for coupling of the tunneling electron to the
surface-plasmon polaritons may not be as well un-
derstood: Both the absolute value and the Ag-film
thickness dependence of emission intensities do not
agree well with expeiment. We suggest that the
coupling may be dominated by an additional sur-

face term.

While these devices have extremely low quantum
efficiencies at present, there are several improve-
ments that can be made: (1) larger grating
amplitudes—efficiencies so far have shown no indi-
cation of saturation as the coupling becomes
stronger, and (2) improved film properties—present
linewidths are much larger than the intrinsic
linewidths expected from smooth annealed films.

Aside from the possibility of developing light-
emitting tunneling junctions into useful display de-
vices, they present a new, unique technique for
measuring the hot-electron energy distributions in
thin-film structures. For this application the fabri-
cation of these devices on gratings is essential since
only then is the out-coupling understood well
enough to infer the energy distributions.

Optical emission has also been observed from Ag
gratings irradiated optically?>?* and with high-
energy electron beams.?® It is suggestive that for
all three methods of excitation (tunnel injection,
optical irradiation, and electorn beam irradiation),
the total external quantum efficiencies are similar
(~107°). We suggest that the same process is oc-
curring in all three cases: Hot electrons are excit-
ed, they relax in energy through the competing
mechanisms of photon and plasmon emission, and
the plasmons radiate light through the grating
structure.
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