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Theory of prism-coupled light emission from tunnel junctions
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We have developed a theory of light emission from smooth tunnel junctions through a coupler

prism. This method of light emission does not depend on the surface roughness of the junction for
the emission mechanism by surface-plasmon polaritons, and allows direct emission by the fast mode.

The theory follows the Green's-function formalism developed by Laks and Mills and uses the same

assumed form of current Auctuations in the junction. The prediction of this theory for the angle

dependence of the emission intensity agrees well with the experimental result, but the calculated
emission spectra at several angles do not agree with the experimental results. From the fact that the
observed spectra show a well-defined peak in the frequency region in which the slow mode is very

strongly excited, we conclude that an important process that produces the observed spectra involves

the conversion of the slow mode to the fast mode mediated by residual surface roughness.

I. INTRODUCTION

Since the first discovery of light emission from metal-
oxide-metal (M-0-M) tunnel junctions by Lambe and
McCarthy, ' many experimental and theoretical investiga-
tions into the emission mechamsm of these tunnel junc-
tions have been undertaken. ' Through these efforts a gen-
eral picture of the emission mechanism has emerged. Ac-
cording to this picture the tunneling current excites
surface-plasmon polaritons (SPP) of the junction struc-
ture. SPP are the electromagnetic normal modes of the
layered M-0-M structure and do not coupl'e to external
free photons, if the surface is perfectly smooth, i.e., they
are nonradiative and no light can be emitted by SPP. This
absence of couphng arises from the fact that the wave
vector of SPP for any given frequency is greater than that
of the free photon of the same frequency. Thus the wave

vectors cannot be matched between an SPP and a free
photon. However, when the junction surface is
roughened, ' has small metal particles lying on it, 3 or is
corrugated by a grating, the wave-vector conservation
condition along the surface is relaxed by the absence of
translational symmetry and SPP can now radiate free
photons. Thus roughening of the junction surface or oth-
er means of breaking the wave-vector conservation at the
surface has been considered an essential part of the SPP
emission process from tunnel junctions.

Recently, we have introduced a new geometry for
M-0-M junctions that allows light emission without the
presence of surface roughness or corrugation. This is ac-
complished by placing a junction on the flat surface of a
hemicylindrical prism with refractive index n, as sketched
in the inset of Fig. 1. This configuration consists of five
layers and four interfaces. The SPP for this geometry has
three branches in the visible range: the slow mode (SM),
prism-Al mode (PR-AI), and the fast mode (FM). The
dispersion curves for these branches are plotted in Fig. 1.
We notice that for this geometry the fast mode lies to the
left-hand side of the prism light line (PR) which is also
drawn in Fig. 1. This means that for some emission angle
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FIG. 1. Geometry of a tunnel junction in contact with a
hemicylindrical coupler prism, and the dispersion curves of
surface-plasmon polaritons in this layered structure. VAC:
vacuum light line; FM: fast-mode dispersion curve; PR: prism
light line; PR-Al: prism-aluminum mode dispersion curve; OX:
oxide light line; SM: slow-mode dispersion curve; SMA:
asymptote for slow-mode dispersion curve.

8 (measured from the surface normal) the wave vector
parallel to the surface can be matched between SPP and
light in the prism. At a given frequency co, the wave-
vector matching condition along the surface is given by

k))spp(to) =neo sin8/c .

Since k))spp is less than nto/c, there is real 8 that satisfies
Eq. (1), and 8 is the emission angle of light in the prism.
Thus we see that wave-vector conservation along the sur-
face can be accomplished using a prism of an appropriate
refractive index without breaking the wave-vector conser-
vation by surface roughness or corrugation. A similar
configuration consisting of a prisin and a metal film has
been used in the method of attenuated total reflection
(ATR) to excite SPP by injection of light from the prism. 6

This configuration in the field of ATR spectroscopy is
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called "Kretschmann configuration. " Light emission
through a prism coupler is the reverse process to the exci-
tation of SPP by light injection. Indeed, we have demon-
strated that light emission by this method does occur
from M-0-M tunnel junctions without the intermediary
of surface roughness or corrugation.

In the case of roughened junctions, all three modes can
radiate in principle, and there have been discussions as to
which mode is contributing most strongly to the emitted
spectra. On the other hand, for prism-coupled emission,
there is no question about which mode radiates, i.e., only
the fast mode radiates with p polarization, apart from
very weak emission due to residual surface roughness.

Surface roughness is a difficult property to quantify ex-
perimentally. Thus so far it has not been possible to make
detailed comparisons between experimental emission spec-
tra and theoretical ones which are calculated on the basis
of some assumed distribution of surface roughness. With
the prism-coupled emission method, there is no experi-
mental parameter that is undetermined. Thus this
method presents an opportunity to make a rigorous test of
theories and that is what we wish to attempt in this paper.
Since the emission part of the process is simple and
straightforward, we can focus on the details of the excita-
tion mechanism of SPP modes, i.e., the coupling mecha-
nism between currents and SPP. Kirtley et ct/. have
pointed out the possibility that SPP are excited by hot-
electron injection into a metal rather than by current fiuc-
tuations as assumed by all theories so far. The prism-
coupler method will be useful in answering this kind of
questions without complications caused by uncertainties
introduced by surface roughness.

The main purpose of this paper is to present a theory of
prism-coupled light emission from tunnel junctions and to
compare the predictions of the theory with our experi-
mental results. To do this we will follow the theoretical
framework previously presented by Laks and Mills for
roughened junctions, and adapt their Green's-function
method to the smooth junction geometry of interest here.

II. THEORY

We will consider a five-layer —four-interface geometry
depicted in Fig. 2. The layers numbered 0 through 4 cor-
respond to prism, aluminum, aluminum oxide, gold, and
vacuum, respectively, in the experimental configuration.
The dielectric constant of each layer is designated by e„,
and the layer boundaries are at z = b, 0, d, and —d+ct.
This geometry is different from the one considered by
I.aks and Mills in two regards: first, wc have placed the
prism layer in contact with the Al layer, making the Al
layer thickness finite; second, our interfaces are assumed
to be perfectly smooth. Thus the mfimtesimal transla-
tional symmetry along the surface is maintained. The ob-
jective of the theory is to obtain the electric field in the
prism, E„(x,co}, given the current density in the tunnel
junction, J„(x,t), and to calculate the emitted power in
the prism. Since we follow the derivation by Laks and
Mills closely, we will only sketch the outhne of the calcu-
lation.

Let us assume that the pth component of the current
density in the junction at position x and time t is given by

Ji, Z

PRI SM

Z=d

Z=0

Voc

FIG. 2. Definition of symbols for a five-layered metal-
dielectric structure.

J„(x,t) = J„(x;co)e
00

(2)

where co is the frequency of the Fourier component. Then
the acth component of the electric field at frequency co and
position I is given by

E„(x,co) = g I d x'D„t, (x,x', co)Jt, (x',co),
C

(3)

I f2
n (co+inst)

g is a positive infinitesimal and n is the real refractive in-
dex of the prism n =(eo)'~ . We take the square root in
Eq. (7) so that Imko )0 to ensure finite E (x,co) at z~ ao.

By substituting Eq. (5) and Eq. (6) into Eq. (3), we ob-
tain

ik .(x —x' ) ik z

c i (2~)

)&e&i(kii, co
i
z')Ji(x', co) . (8)

where D„i(x,x';co) is the Green's-function matrix which
is a solution of the Maxwell equation

N
i e(x, co)5iq — +5iqV Dq„(x,x', co)

Bxi x~

=4~5',(x—x') .

e(x,co) takes on values given by e„(n =0, 1,2, 3,4}depend-
ing on the value of z. Since we have translational symme-
try along the surface„we can express D&„(x,x', co) in terms
of its two-dimensional Fourier transform d»(k~~, co;z,z'),

k

(2m )

where k~~, x~~, and xI~ are the components of the respective
vectors parallel to the surface. From the boundary condi-
tion at z~ ao one can write d„„(k~~,co;z,z') in the form

d»(k~~, co
~
z,z )=e e»(k~~, co

~

z ),
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To effect the integration in Eq. (8), we let

x=
i
x

i (x sin80cogo+y sin80singo+z cos8O),

wllcI'c (80,$O) ls tllc dlrcctloii of observation, aIld x, y, x
are the unit vectors in the respective direction. %e also
let

2
(R )

l P1 67 COSOOE„(xco)=, exp i
x

i

4Ire ixi c

)&gfd

k(( —— (x siI18 cog+y sil18 sln((}) . (10)

Then where

nQP

C
(x sin80 co+0+/ sin80 sinpii) .(o&

C
(14)

n6)
cos8 . (12)

The time-averaged power delivered per unit solid angle
per unit frequency range by this electric field is given by
the Poynting vector as

The radiative part of the contributions to the electric field
comes only from the part of the integral for which ko is
real and positive, i.e., k~~ &n co/c Thu.s the appropriate
integration limits are 0&8&Ir/2 and 0&/ &2Ir. When
we use the method of stationary phase to carry out the in-
tegration, we obtain the radiative part of the electric field
E(R)

p

=
i
x

i

2 g (E„'"'(x,co}E„'"'(x,co) & .
Sm

By substituting Eq. (13) into Eq. (15), we have

P1 CO

P(kI(', co)= g f d'x' f d x" f d Q((e " e„'I (kI(',co;z")e»(kI(', co;z')JII (Q((,co',z,z ), (16)

where we took advantage of the translational symmetry in the surface plane and defined

( JI (x /co) JI,(x,co) ) = f d g~( e Ji„i„q~~(,co;z"yz'

(18)

Q~~ is a wave vector parallel to the surface. By carrying out the integration in the plane, we obtain

P(k)(,co)= s g g f dz' f dz" eqi, (k(),co,z )e»(k)~, co,z )Ju (k~(,co;z',z") )sic'
where A = f dx is the area of the junction. Now we introduce a simplifying assumption that only the J (k~~, co;z,z )

component of the current fluctuation is nonzero. Then

F(kI~ ', co) = 6 g f dz' f dz" e&, (kt~ ', czo') e(
I~
k', co;z")J~(kI~ ',co;z',z") .

Sate'

Now we need the explicit forms of e, (k~~, coz }for our geometry. They can be obtained by following the treatment in
the Appendix of Mills and Maradudin and noting that for large z above the junction area z —z'»0 and z —z"»0.
After some algebra we arrive at the expression

2 2

P(k, , )=,,
d' d "E, *( ')E, ( ")J (k, , ; ', "). (20)

2c iF (k', ', co)
i

In Eq. (20), E, (z) for different regions is defined by

E, (z)=F+e '+F e ' (prism),

E, (z)=G+e ' +6 e ' (Al),

E, (z)=H+e '+H e ' (oxide),

E, (z)=J+e ' +J e ' (Au),

E, (z) =e ' (vacuum),

(21)

(25)

where

k;=(eico /c —k )'i
II

(26)

In taking the square root in Eq. (27), we choose the root
so that Im(k;) & 0 for i &0 The amplitudes .of the electric
field, F+, 6+, H+, and J+, are determined by fitting the
Maxwell boundary conditions at four interfaces. Their
explicit expressions are given below:



THEORY OF PRISM-COUPLED LIGHT EMISSION FROM. . .

—+
E3

L

i(k3 —k4)b

k

k4 —i(k3+k4)b

k

(27)

k3—+ k,

k2

k2—+
k)

1J++—

1J++—

Eg

r

E3
+

E2
L

i(k2 —k& )d0+e

k3 J
2

(29)

(30)

1 &2+
2 E')

1 &26
2

1 &2+
2

k 2 —i(k2+k) )d

k,

i(kt+k2)d

ki

k2 —i(k2 —k) )d
H e

1

(31)

(32)

1F+

+-
so

(ki —ko)(d+a)6 e 1 0

0

k, —i (ko+k& )(@+a)6 0 1

0
(33)

1F
2 E'0

I

ki
e

2 eo ko

i(ko+k( Nd+a)

ko

(k, —ko)(d+~)
(34)

eIO(1 —fico/e Vo)J (Q((,co
f

z',z")=
2g A

Following Laks and Mills again let us assume the form
of the current fluctuation,

In arriving at Eq. (36), we have dropped the subscript and
superscript 0 from 80 and kt~ ', respectively. This is the fi-
nal expression we will use to calculate the emission spec-
tra as a function of the emission angle 8. P(k~~, co) can
also be considered a function of (8,co) because of the rela-
tion k~~

—ncosin8/c. The radiative part of P(k~~, co) is
limited to the region where k

~~
(nco/c

The dispersion relation for the SPP of the layered struc-
ture is given by the condition that E, (z) remains finite at
z~+ ao, that is, from Eq. (21),

F (kii, co) =0 . (37)

Thus we see that P(k~~, co) is peaked along the dispersion
curves of SPP where F (k~~, co) is small. If we assume co

to be real, the value of k~~ that satisfies Eq. (37) is com-
plex. Thus for real k~~ (nc——o/c) sine,

~

F {k~~,co)
~

remains finite but becomes small when k~~ (real} is close to
the true zero of Eq. (37) in the complex k~~ plane.

When we measure the emission spectrum along a fixed
direction of observation 8, we measure the variation in
the height of P (k~~, co) along a line defined by

k~~ (nco——/c) sin8 in the (k~~, co) space. We will call this
line in the (k~~, co) space an "observation line. " When the
observation line crosses a dispersion curve, we will see a
peak at the crossing frequency. On the other hand, if a
dispersion curve and the observation line are essentially
parallel, we expect a broad emission spectrum. One exam-
ple of such a case is shown in Fig. 1 where the observation
line for 8=43.4' overlaps the dispersion curve for the fast
mode. The best way to visualize the predicted spectrum
for different angles is to plot a contour map of P(k~~, co) as
we show in Sec. III.

Once the dispersion curve is found by solving Eq. (37),
the electric field pattern for each mode can be found from
Eqs. (21)—(26) as a function of (k~~, co). Since SPP is P
polarized, E~(z)=0 everywhere, and E„(z) is simply relat-
ed to E,(z} through one of the Maxwell equations. Thus
Eqs. (21)—(26) are sufficient to determine the complete
electric field pattern. Throughout our calculation we take
~ to be pure real and allow k~~ to be complex. The imagi-
nary part of k~~ then represents spatial decay of SPP along
the interface.

h(z', z")

(I+g'g')'" ' (35) III. NUMERICAL RESULTS

where go is the coherence length of the current fluctuation
in the x-y plane, e is the electron charge, Io is the total
current in the junction of area A, Vo is the bias voltage
across the junction, and we set 6 =1 in the oxide layer
and zero outside. Then we can integrate Eq. (20) analyti-
cally and obtain

coi sin28 eIO(1 ficole Vo)—
P(k, co) =

( 1+k 2 (2)3/2

X
kzF (kii, co)

(36)

Equation (36) contains two simplifying assumptions.
First, we assumed that the only nonzero element of
J„„(k~~,co;z,z') is J~(k~~, co;z,z'). Second, we assumed that

=1 inside the oxide layer and zero outside. The first
assumption will affect the relative strengths of excitation
of the three SPP modes, because the three modes have
strong electric fields in different directions which can cou-
ple to other components of J„„(k~~,co;z,z'). The second as-
surnption can be made less restrictive. For instance, we
can let 5 =1 everywhere in the junction and still carry
out the calculation analytically. However, it will take a
major theoretical effort to obtain its functional form and
value from first principles. In what follows, we will make
calculations using the above assumptions, and see how
well the simplified theory can describe the experimental
data. There is no other assumption or adjustable parame-
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ter in the theory, and numerical calculations can be car-
ried out using only known parameters.

The calculations were made for Al-oxide-Au junctions
using the value of e2 ——3.1 for aluminum oxide and inter-
polated values of the dielectric function for Au obtained
from the table of complex index of refraction given by
Johnson and Christy. " The dielectric function for Al was
approximated by the free-electron form

VAC JCT

I

PRISM

e(a)) =1 cop—/cu(co+i l~, ), (38)

where we used the values of co& ——12.7 eV and
v; =5.12&10 ' sec reported by Ehrenreich, Philipp, and
Segall. '

In the late stage of this work, we realized that better fits
of the emission spectra can be achieved by using a more
realistic set of data for the frequency dependence of the
dielectric function for Al. Thus for Figs. 8(a), 8(b), 8(c),
and 10, we used the dielectric function data compiled by
Ordal et al. ' None of the other figures are affected sig-
nificantly by this change of the dielectric function for Al.

For a working prototype we used the thicknesses of the
Al, oxide, and Au layers of 200, 25, and 200 A, respec-
tively. We found that changes in the thickness by a factor
of 2 or 3 around these values do not affect the general
features of the calculated emission spectra or the angle
dependence significantly.

Figure 3 shows an expanded version of the dispersion
curves for the three modes: the slow mode, the prism-Al
mode, and the fast mode. These curves were found from
Eq. (37) assuming ai to be real and by looking for complex
k~~ that satisfy the equation. In this figure we plotted
only the real part of k~~. The complex roots were found
by using a numerical complex root finding routine. We
notice that the dashed part of the dispersion curve for the
fast mode moves to the left of the vacuum light line. In
the dashed region Imk~~ p Rek~~ and this part of the curve
does not represent a true propagating mode. Of course,
there cannot be a mode that propagates faster than the
speed of light.

Figure 4 is a plot of E„(z) as a function of z for the fast

2 4

4)) ( I 05 cm «)

FIG. 3. Expanded view of the dispersion curves of a model
layered structure consisting of a glass prism (BK-7), Al (200 A),
a.luminum oxide Q5 A), Au (200 A), and vacuum.

I l I i ) I I i I i I i I I I 1

-5QQQ 0 425 5000 10,000

FIG. 4. Electric field patterns of the fast mode and the
prism-Al mode for the same model structure as in Fig. 3.

mode and the prism-Al mode. The thicknesses of the
layers are those of our prototype model: Al:200 A, Ox:25
A, and Au:200 A. We note that E„(z) of the fast mode is
oscillatory in the prism; this means that the fast mode is
radiative in the prism as expected from our earlier discus-
sion. E„(z) decays exponentially on the vacuum side,
meaning that the fast mode is nonradiative into vacuum.
In contrast to the fast-mode behavior, the prism-Al mode
is nonradiative both in the prism and vacuum, showing
exponential decay on both sides.

Figures 5(a), 5(b), and 5(c) show both the x and z com-
ponents of the electric field in the tunnel junction for the
three modes. For these figures the thickness of the oxide
layer is increased to 100 A to show the details of the field
patterns inside the junction. %e note that the strongest
field in the z direction appears across the oxide layer for
the slow mode. This is the reason why the slow mode
couples most efficiently to the J~ component of current
fiuctuations.

If the dielectric constants of the metals were pure real
and negative, one expects E,(z) to change signs across the
metal-dielectric interface [because of the condition that
D, (z) be continuous]. However, we notice that in some
cases E,(z) does not change signs, e.g., at the vacuum-Au
interface for the fast mode. This occurs because the
imaginary part of the dielectric function for metals plays
a very strong role in fitting the boundary conditions.

The angle dependence of the emitted intensity at 5850
A (2.12 eV) is plotted in Fig. 6. This curve was obtained
by fixing co and varying 8 in Eq. (36). Both the peak posi-
tion (8=43.4') and the peak width compare well with the
experimental result reproduced in Fig. 7 (see Ref. 5). The
experimental result shows weak s-polarized emission, but
the theory predicts no s-polarized emission. %e believe
that the observed s-polarized emission results from the
residual surface roughness of the junction.

Figures 8(a), 8(b), and 8(c) show comparisons between
the observed emission spectra and the calculated spectra.
The dots represent the observed spectra for three emission
angles reproduced from Ref. 5, and the solid curves were
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6000
WAVELENGTH ( A )

8000

FKJ. 8. (a) Measured (dots) and calculated emission spectra
at 41. Bias voltage: 2.75 V. Fihn thicknesses used in the cal-
culation are Al (180 A), Ox (20 A), and Au (320 A). (b) Mea-
sured (dots) and calculated emission spectra at 43.7 . Bias volt-

age: 2.6 V. Film thicknesses are the same as in (a). (c} Mea-
sured (dots) and calculated emission spectra at 46 . Bias voltage:
2.75 V. Film thicknesses are the same as in (a).

tensities for different emission angles show reasonable
agreement between theory and experiment, as we have al-
ready seen in Figs. 6 and 7.

Since there is no adjustable parameter other than the
single normalization constant, the discrepancies shown in
Fig. 8 clearly demonstrate the inadequacy of the present
theory. In earlier comparisons of emission data with
theory ' the degree of surface roughness was used as an
adjustable factor to fit the data. However, in the present
experiment with smooth junction surfaces, there is no am-
biguity about the conditions of the surface, and as we
have said earlier, this result allows rigorous evaluation of
theories. The comparisons shown in Figs. 8(a), 8(b), and
8(c) clearly indicate that improvements of the theory are
required to explain the observed frequency dependence of
the emitted light.

In order to understand the cause for the discrepancies
between experimental and calculated spectra, we have ex-
amined the contour map of P(k~~, co) of Eq. (36) in the
(k~~, co) plane, as shown in Fig. 9. Note that the scale unit
for k~~ is 10 cm ', while the unit used in Fig. 1 and Fig.
3 is 105 cm '. At this scale all three light lines for vacu-
um, prism, and oxide are squeezed near the vertical axis
shown by dashed lines. The height of the contours are
normalized to the maximum value of P(k~~, co) that occurs
near k~~

——1.5X10 cm ' and fico=2 eV. This is the re-
gion of (k~~, co) space where the asymptote of the disper-
sion curve of the slow mode lies (beyond the right-hand
edge of Fig. 1). Compared with this high contour region
at large-k~~ values, the height of contours in the radiative
region to the left of the prism light line is a factor of 10
to 10 lower. The large value of P(k~~, co) in this region
refiects very strong coupling between tunneling currents
and the slow mode. Most of the power from the tunnel-
ing current is pumped into the slow mode and the power
going directly into the fast mode is negligible in compar-
ison. We note that this high contour region of the slow
mode lies in the energy range of the observed peak of the
emission spectra of Fig. 8. This is the reason why we pos-
tulated a conversion process of the slow mode to the fast
mode via residual junction roughness as the most impor-
tant mechanism that produces the observed spectra.
Mode conversion occurs in both directions, but since the
slow mode is so highly populated compared with the fast
mode (by a factor of 10 to 10 ), the dominant net effect
is the conversion of the slow mode to the fast mode. Once
the fast mode is created from the slow mode, it radiates
free photons into the prism. Since the conversion mediat-
ed by surface roughness conserves energy and only
changes the value of k~~, the population distribution of the
fast mode so created refiects the density of states of the
slow modes. Hence, we expect high population density of
the converted fast mode in the energy range between 1.6
and 2.2 eV. This is why we observe a narrower peak in
the observed emission spectra than the calculated result.
The theory presented here assumes that all modes are ex-
cited directly by the tunneling current, and does not take
into account the residual roughness-induced conversion of
the slow mode as an excitation process for the fast mode.

As a result from this discussion, one may ask why the
slow mode is not converted directly to free photons as ef-
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FIG. 9. Contour map of P(k~~, ~) in the (k~~, co) plane.

ficiently as to the fast mode? As far as the magnitude of
k~~ is concerned, both the fast mode and the free photon
(vacuum light line) lie close to each other. At this point
we must assume that the matrix element coupling the
slow mode to free photons is much smaller than that be-
tween the slow and fast modes. Whether or not this is
true must be answered by a theory that includes junction
roughness.

Figure 10 shows a detailed map of contours of P(k~~, co)

near the vacuum light line where the narrow ridge due to
the excitation of the fast mode lies. The ridge along the
dispersion curve of the fast mode does not have a uniform
height along its length; its height varies with frequency.
This height variation arises from the structures in the
dielectric constant of Au and Al. The height of the con-
tours is normalized to unity at the maximum in this
frame. The observation line for 43.4' is indicated by a
dashed straight line. The height of P(k~~, co) along this
line is projected into the calculated spectrum at this emis-
sion angle. %e see that this observation line is almost
parallel to the ridge and as a result produces the calculat-
ed spectra of Fig. 8 which have a long tail on the low-
energy side (long wavelength). To produce the more nar-
row observed spectra, we must have a high area on this
ridge near 2.12 eV. However, with only the direct excita-
tion of the fast mode included in the theory, the highest
part of the fast-mode ridge lies around 1.7 eV as we see in
Fig. 10. This is the reason why we were compelled to pos-
tulate conversion of the slow mode into the fast mode via
surface roughness. Such a conversion process will place a
high contour region on the ridge centered around 2 eV,
and will produce spectra that resemble the observed ones
more closely than the present theory predicts.

As mentioned earlier, the light emission process can be

FIG. 10. Detail of the contour map of P(k~~, co) near the light
line, showing a narrow ridge along the fast-mode dispersion
curve.

conveniently separated into two steps, i.e., generation of
SPP modes by tunneling electrons and subsequent emis-
sion of light by SPP. In the case of prism-coupled emis-
sion, the latter step involves only the radiative fast mode
and this step is completely understood. Unresolved ques-
tions remain in the first step, namely, the generation
mechanism of SPP in tunnel junctions. In the present
theory we assumed that fluctuations in the tunneling
current act as an oscillating source of radiation. More-
over, we assumed a particular form for the Fourier com-
ponent of current fluctuations at the frequency co given by
Eq. (35). Although it appears that inclusion of the effects
of residual surface roughness into the present structure of
the theory may lead to agreement with experimental re-
sults, we must remember that the "current fluctuation"
theory is merely one possible approach to the problem and
other approaches must be considered also. Kirtley et al. s

have proposed that hot electrons injected into the cold
film can generate SPP and that this generation mecha-
nism can explain some of the observed facts. However,
this "hot-electron" theory has not yet been formulated in
a concrete fashion; thus, we cannot assess how the hot-
elix:tron effect will influence the spectrum of the emitted
light. What is needed now is a carefully formulated
theory of the coupling between tunneling electrons and
SPP that can describe the generation process of SPP and
the resultant population distribution of SPP.

IV. CONCLUSION

%e have developed a theory of prism-coupled light
emission from tunnel junctions. The form of the theory
as well as the underlying assumptions are the same as
those used for the theory by Laks and Mills, but we as-
sumed smooth interfaces instead of roughened ones. The
angle dependence of the emission intensity at a fixed fre-
quency agrees very well with the experimental result.
Thus the kinematics of the theory is correct and it is clear
that the observed emission occurs from the fast mode as
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expected. However, the calculated emission spectra at dif-
ferent angles do not match the observed spectra. The
theory assumes that all SPP modes are excited directly by
the fluctuations of tunneling currents, but the comparison
with experiment suggests that we should include in the
theory an indirect channel of fast-mode excitation by the
slow mode via residual surface roughness of the tunnel
junction.

We should also keep in mind that other mechanisms of
SPP generation than current fluctuations, such as hot
electrons, may be playing an important role in determin-

ing the population distribution of the generated SSP.
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