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We consider photon emission in electron tunneling to a small metal particle. The radiative (dipole)
plasmon mode of the particle can be excited resonantly by a tunneling electron either when it is in the
barrier or else as a decay channel of the hot electrons injected into the particle via elastic tunneling.
Analytical estimates show that for a particle with a few hundred angstrom radius the former process
dominates over the latter by a factor of ~ 1073, and that the integrated light intensity is ~10 ~3 photon
per tunneling electron under optimum conditions, in agreement with recent observations.

PACS numbers: 73.40.Gk

In 1976 Lambe and McCarthy [1] observed light emis-
sion when a current was drawn through a metal-oxide-
metal tunnel junction. Appreciable light emission was
found only if one of the electrodes was rough, e.g., a
granular metal film. It was argued that the emitted light
is mainly derived from the radiative decay of surface
plasmons. Surface plasmons on a flat metal surface can-
not decay via emission of a photon since such a process
could not simultaneously conserve energy and momen-
tum. On a rough electrode, however, translational invari-
ance parallel to the surface is broken and photon emission
can occur. Typically ~10 73 to 10 ~® photon per tunnel-
injected electron were observed.

Theories of light emission in tunneling have been
presented by Rendell and co-workers [2] and by Laks and
Mills [3], based on the assumption that the surface
plasmons are excited by fluctuations of the tunneling
current. However, later experiments with junctions fabri-
cated on sinusoidal gratings raised new issues [4]. The
Laks-Mills theory extended to this rather well-defined sit-
uation could account neither for the much higher ob-
served yield, nor for its reduction with counterelectrode
thickness. This led Kirtley and co-workers [4] to propose
that the radiative surface plasmons are excited by the in-
jected hot electrons.

Interest in these issues has been revived by the observa-
tion of unusually intense light emission from condensed
silver films (up to 10 ~3 photon per injected electron) in a
scanning tunneling microscope (STM) [5]. Furthermore,
the emitted light shows spatial intensity variations which
correlate with nanometer surface features, e.g., grain
boundaries, and the accessible spectral range is not limit-
ed by junction breakdown and extends into the field-
emission range. Besides opening a door to a promising
extension of STM, such experiments may help clarify
how light is generated in tunnel junctions [6-8].

In this Letter we compare possible mechanisms of light
emission in a model situation approximating the experi-
mental one, yet simple enough so that the physics in-
volved remains clear and competing radiative and nonra-
diative processes can be easily estimated. In this spirit we
consider vacuum tunneling from an atomic s-like orbital
at the apex of an STM tip into a spherical metallic parti-
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cle. In an optimal case we estimate the yield of inelastic
tunneling to be ~ 10 ~3 photon per tunnel electron while
the yield associated with hot-electron injection is estimat-
ed to be much smaller, of order ~10 % A real experi-
mental situation is certainly much more complicated (and
usually not fully known) than the simple model we study,
but the order-of-magnitude estimates of the yields should
be correct even in a realistic case. But the spectral and
angular distribution of the emitted light cannot be realis-
tically described by our model.

Let © be the resonance frequency of the dipole active
surface plasmon mode of the metal particle (@ =w,/v/3
in the jellium model) and assume that eV, > A Q, so that
a tunneling electron can excite the plasmon mode. The
magnitude of the oscillating dipole moment associated
with a single (quantized) surface plasmon can be estimat-
ed as follows: Just as for any harmonic oscillator, on the
average half of the energy is stored in potential, and half
in kinetic energy. Since the potential energy is stored in
the electric field E we get AQ~ [d*x E2~R?E?, since
the electric field extends over a volume ~R*. Hence the
electric field must scale with R as E~(h QR ~%)'"2. The
dynamic dipole moment p associated with the plasmon is
related to E via E~p/R? so that p~(hQR*)"2. For a
spherical particle with the radius R, an exact calculation
gives the transition dipole moment

p=(haR*2)'"?. (1)

The scaling laws E~R ~*? and p~R*? should remain
valid for any compact particle of characteristic dimension
R. For R~300 A and hQ~2.5 eV, Eq. (1) gives
p~1500 e A. Hence, for a particle with a radius of a few
hundred angstroms, the large magnitude of the dynami-
cal dipole moment associated with a surface plasmon
makes the radiative decay channel quite effective, but it is
still weaker than the nonradiative decay associated with
excitation of an electron-hole pair. To see this, note that
the radiative decay rate of an oscillating dipole is given
by the classical formula [9] w4 =403p?/3¢?h which in
the present case gives

2
Wd= T R*Q%c3.

This rate should be compared with the quenching rate of
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the surface plasmon due to the excitation of an electron-
hole pair [10]

we.n =Cvr/R,

where vr is the Fermi velocity and C is a constant of or-
der unity. This formula is valid for a jellium sphere and
gives a lower bound of the nonradiative decay rate for a
real metal. The ratio

-1

Wrad

Prad= =

1+3C 5 (kR) 4
Wead t We.n
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where k =Q/c, gives the probability for photon emission
following excitation of the dipole mode, and corresponds
to the last step in Figs. 1(a) and 1(b). (This formula is
strictly valid only for kR < 1.) As an example, for an Ag
particle, P,g~0.2 if kR=0.2 but only =0.01 if
kR =0.1. Figure |1 summarizes the R dependence of the
decay rates as well as the branching ratios for the various
decay processes, for a particle with a few hundred
angstrom radius.

INELASTIC
TUNNELING

(a)

HOT ELECTRON
DECAY

(b)

FIG. 1. A schematic picture of processes (a) and (b) dis-
cussed in the text. The dependence of competing decay process-
es on the radius R of the metallic particle is indicated together
with relative branching ratios for a particle with R ~200 A.

We now calculate the probability that a tunneling elec-
tron excites a surface plasmon in the first place. We dis-
tinguish between inelastic tunneling where the excitation
occurs when the electron is in the vacuum barrier [Fig.
1(a)] and the hot-electron mechanism, where a tunneling
electron injected in the particle excites the surface
plasmon [Fig. 1(b)].

In inelastic tunneling the electron couples to the sur-
face plasmon while in the barrier region. The electron-
plasmon coupling is given by e$ where ¢ is the (quan-
tized) electric potential from the surface plasmon at the
position of the electron. Since §~p/R*~R ~'? and
since ¢ enters squared in the rate of inelastic tunneling,
we deduce that the probability of inelastic tunneling
scales as R ~', as indicated in Fig. 1(a). To estimate the
branching ratio between inelastic and elastic tunneling,
assume that the electrons tunnel from an orbital |a) on
the tip to an orbital |5) on the particle. Elastic tunneling
is described by

H'=tcjc,+H.c.

The orbitals |a) and |b) are hybridized with the extended
tip and particle states, respectively, forming resonances
described by the projected density of states p,(e) and
pu(€). The rate of elastic tunneling is given by Fermi’s
“golden rule” with H' as the perturbation

2 2
Wel = T’rlt | zfer_e,,' depy(€)pa(€)

=~ % |212ps Cer)paler)eV, .

We have assumed that ¢ and the densities of states p,(€)
and pp () all vary slowly with the energy ¢ in the interval
er—eV, <e<er. This may not always be a good ap-
proximation and the nanoscale resolution observed in
some STM light emission studies may in fact reflect
atomic scale variations in the energy dependence of ps.
The rate of inelastic tunneling is given by the *“‘golden
rule” with the perturbation

ed =eﬁ—23— =ep(b|i3 laY(B+BY)cfc,+H.c.
r r

=t'(B+BYcfca+H.ec.,

where (n=1|7i|n =0)=p is the transition dipole moment
and B' and B the creation and annihilation operators of
the surface plasmon mode. We get

2r ., €F
Winel =T|t |2ﬁ,—ev,+hnd‘p”(f+eyf )pa(e)

~ %lt'lzpb(fr)pa(ep)(eV, —ha).

The probability for an electron to tunnel inelastically by
exciting a surface plasmon is therefore

2
| _ho
eV,
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To simplify this expression, assume that both |a) and |b) kR
are s orbitals. Using Bardeen’s formula for the transfer > 91 92 93 9.4 95 3
matrix element ¢ gives %
— 2 —Ks é 4‘163
t=(h*c/ms)e ™", (€)) g 4e15®
where s is the separation between the orbitals |a) and |6) =
and « the radial decay constant determined by the barrier 2 3
height W =h2x%/2m. Similarly one obtains 2 2.16° |21
w
"= Z )~ P =€D , —«s =
t ep(blr3 la) = R2(b|a> Rze , 4) &

since z/r®~ R ~? in the barrier region, assuming s <R.
Using (1)-(4) gives

a hQ hce/R

a _ha
8 W h2722m

ev,

Piner = >

where a=e%/hc=1/137 is the fine-structure constant.
Hence the photon yield due to inelastic tunneling is

a h@  he/R
inel = PinelPrad = —
Ninel ineld” rad s W h 2S ._2/2m

_hQ
eV,

1+
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FIG. 2. The probability for light emission per tunneling elec-
tron as a function of the radius R of a metallic particle with a
dipole resonance at A Q =2.5 eV for a tunneling voltage of 3 V.
The solid and dashed lines correspond to processes (a) and (b)
in Fig. 1. Note the difference between the left and right scales.

(kR) ~* (5)

c

The solid line in Fig. 2 shows the variation of i with the radius R of the particle, using AQ =2.5eV, s =6 A, W =4
eV, and eV, =3 eV. For kR~0.3 (i.e., R~300 A), the yield is 7i,ei~4% 10 ~3. Equation (5) is derived under the as-
sumption that the inelastic tunneling and the radiative decay of the excited surface plasmons occur independently. But
treating the whole process coherently gives the same final result [6].

Consider now the photon yield from hot-electron injection. We first calculate the rate for a hot electron (with an en-
ergy €, > ¢€r) in the particle to decay to a lower energy level ¢g while exciting a surface plasmon. Inside the particle the
electron is assumed to move in an effective one-particle potential ¥ (x), and |a),|B), ... denote the one-particle eigen-

states. Using the “golden rule” we can calculate the desired rate to be

w=—2hiz KB,n=1|ed|la,n=0)|%5(es+h Q2 —e¢,) .
B

(6)

The potential ¢ associated with the surface plasmon is given by ¢ =/iz/r> for r > R and ¢ =/iz/R* for r < R. The calcu-
lation of the matrix element and of the sum over B in (6) closely follows the calculation of the surface plasmon damping
in Ref. [10] and here we only give the final result valid for a spherical-well model for the particle,

12( 5 5/2 4
e—hQ e*lag ap

w=2\/§i

2
3(ha)?

h hQ hQ R
where ag is the Bohr radius, ¢ =¢, is the energy of the hot
electron, and U =¢er+ W is the well depth. Note that
w~ R ~* as indicated in Fig. 1(b).

A much more likely decay process of a hot electron is
excitation of an electron-hole pair. This process has been
originally studied by Quinn [11] for an infinite electron
gas, but his results also hold approximately for a metallic
particle if the radius R is large compared to a typical
electron wavelength. In the limit € — ér < €f, he obtained

the following decay rate:
) 2
w' = Blr) —— i—l] : (8)
aoh €F

where B(r;) only depends on the electron gas density pa-
rameter r;. For r, =3 (silver), $=0.018 and if ¢ — ¢f =2
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T W= P+ (U+ha—e) )2

b (7)

eV, Eq. (8) gives w'~10'* s ™!, corresponding to a hot-
electron mean free path of about 100 A. For a particle of
radius R =200 A, Eq. (7) gives w~10° s ' which is
smaller by ~5 orders of magnitude than the rate of e-h
pair excitation. This is the reason why the hot-electron
mechanism is quite ineffective. The branching ratio for a
hot electron to excite a plasmon is given by Pp=w/
(w+w") and is indicated in Fig. 1(b) for a particle with
R~200 A. The corresponding photon emission yield
Thot =PpiPrad is shown, as a function of R, by the dashed
line in Fig. 2, assuming e =8 eV, e =5¢V, and h Q =2.5
eV. Note that the yield reaches ~4x10 "¢ for R be-
tween 20 and 100 A, and for R ~200-300 A it is ~3 or-
ders of magnitude smaller than the yield from inelastic
tunneling. But for very small particles, R <15 A, the
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hot-electron injection gives the dominating contribution
to light emission but the overall yield is now very small,
of order ~10 78,

For eV, <hQ no excitation of real plasmons can
occur, but photon emission is still possible: As an elec-
tron tunnels between the tip and the particle, screening
charges will appear on the tip and particle surfaces. If we
assume a grounded sphere the tunneling electron and the
induced charges give rise to a dipole moment p~es,
which is “turned on” for a time of order 7, where
t =s(m/2W) "2 is the so-called traversal time [12] for a
barrier of height W and width s. This gives rise to a spec-
tral distribution p(w)~est of bandwidth ~1/r. The
probability for photon emission is easily calculated to be
P = (s/ag)*(eV,)*/IW(mc?)?2e*agl =107 where we
have used W =4 eV, s=5 A, and eV, =2 eV.

Another direct light emission process is also possible:
If the mean free path of the hot electrons injected in the
particle is large enough, they can ballistically propagate
to the back surface of the particle. If we consider a hot
electron as a wave packet, then as long as it is inside the
particle, it cannot emit any photons since the electric field
of the electron is almost completely screened out by the
other electrons and also because the electron is not likely
to be decelerated (negligible bremsstrahlung). However,
when the wave packet reaches the surface the electron is
partly unscreened and gives rise to a fluctuating surface
dipole. Using the jellium model we have estimated the
probability for photon emission and found it to be ex-
tremely small, typically of order P~107'0. Neverthe-
less, this process may be involved in light emission from
planar metal-oxide-metal tunneling junctions when the
top electrode is relatively thick and very smooth [13].

To summarize, we have discussed in detail the yield of
photon emission for a very simple model, where the con-
tribution from various processes can be estimated analyti-
cally. If eV, is larger than the energy of the dipole active
surface plasmon mode, most of the emitted light results
from inelastic tunneling. The maximum yield is found to
be ~10 "3 in agreement with recent STM studies.
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