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Light emission induced by a scanning tunnel microscope from a doubly layered substrate

Katsuki Amemiya
National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

~Received 11 September 2002; published 13 February 2003!

Photon emission induced by a scanning tunneling microscope is studied theoretically when a substrate is
covered with a layer of finite thickness. We formulate the calculation method of the radiated power including
the retardation effect. Calculation of a metal film on a dielectric substrate indicates that the optimal thickness
for the effective photon emission exists for the silver film. The effect of a dielectric film on a metal substrate
is also investigated and it is found that the radiated power from the STM is enhanced strongly by putting the
dielectric layer on the substrate.

DOI: 10.1103/PhysRevB.67.075409 PACS number~s!: 68.37.Ef, 42.25.Bs, 73.20.Mf, 78.20.Bh
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I. INTRODUCTION

More than a decade ago the scanning tunneling mic
scope~STM! induced photon emission was first observe1

and the theoretical calculations performed soon later h
shown very good agreement with the experimental result2,3

Its origin is considered as the excitation of the localized s
face plasmon induced in the tip-sample gap region by
STM current, and its decay into the radiation field. Sin
then, it has been applied to various tip and sample mater
It depends not only on tip and substrate materials, but als
tip shapes and sample surface condition. Because of the
sitivity of the tip-sample condition, this may present varie
of ways of surface analysis. Moreover, there is a possib
to use it as a nanoscale light emission mechanism.

A number of theoretical analyses have been perform
and many of them were based on the electromagnetic
calculation induced by the point current source in the t
sample geometry. Earliest attempts were based on the sy
of a sphere above a plane.2,4,5 They are nonretarded calcula
tions, but later Johansson included the retarded effect in
theory.6 Moreover, theoretical works have also demonstra
that the sample size or tip shape influences the photon e
sion spectra considerably.7–10 A sample having the corru
gated surface has also been discussed.11

When a sample has the flat surface, however, the effec
the substrate thickness on the light emission is rarely p
attention to. So far, semi-infinite substrates were assume
most theoretical approaches. This assumption is well v
dated in a usual experimental situation where the thickn
of the metal substrate is much larger than the skin dept
the optical range. However, there should be some cha
when the metal thickness becomes smaller and compar
to the skin depth, and the spectrum may be pretty affecte
the metal thickness.

Another interest is a dielectric film on a metal substra
Experiments on the photon emission STM~PESTM! using
substrates covered with organic molecules have been
formed from just after the discovery of PESTM,12–15and it is
expected as an observation tool for physical and chem
states of molecular layers on substrates. Although interes
some of them may be in the luminescence from the in
vidual molecules in the STM configuration, it is very hard
identify the location of the single molecules when their d
tribution is sparse. Consequently, the molecules were co
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ing most of the area. Therefore, this system may act sim
to a metal substrate covered with an organic thin fil
Though it may be a rough estimation to approximate th
molecular layers as a dielectric film, we think some inform
tion can be obtained by this calculation.

In order to treat both of these cases, that is, a metal
on a dielectric substrate and a dielectric film on a metal s
strate, we formulate the calculation method for a doubly la
ered substrate. As this calculation gives an exact solution
the Maxwell equation, the retardation effect is fully take
into account. By using this method we will show how th
layer of finite thickness on the substrate surface has an e
on the light emission from the STM.

II. MODEL

As described in Refs. 2 and 4, calculation of light em
sion from STM can be divided into two parts; one is t
calculation of the electromagnetic field induced by theclas-
sical current source, and the other is the calculation of
power spectrum of the current fluctuations. We also use
method to compute the radiated power induced by the S
current. For simplicity, we use a model which has been of
employed; that is, the STM tip is replaced with a sphe
having radius ofa. The origin of the coordinate system is th
center of the sphere, and thez axis is taken as normal to th
substrate surface~Fig. 1!. It is assumed that the curren
sourcej exists just below the sphere,r05(0, 0,2a20), and
the electric fieldE in the far region should be calculated. Th
reciprocity theorem is used to calculate the far field induc
by the sourcej .16 By this theorem, the electric field can b
calculated by exchanging the source and observation po
and the problem is reduced to computing thez component of
the electric fieldEp below the sphere when the point curre
sourcej p(r )5 j pû8d3(r2r p) is far away from the tip-sample
gap ~Fig. 1!, whereu8 is the angle between thez axis and
r p2r0, and û8 is the unit vector which is perpendicular t
r p2r0 and is on thex-z plane. Since the source is far enoug
from the system, the electric field in the gap region is o
tained by using a calculated result of the electric fieldE8
when the plane wave of thep polarization is incident on the
system.4

For the calculation of the electromagnetic fieldE8 in the
system of the sphere above the substrate, we employed
©2003 The American Physical Society09-1
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KATSUKI AMEMIYA PHYSICAL REVIEW B 67, 075409 ~2003!
vector spherical wave expansion method used by Takem
and co-workers.17 In the polar coordinate system, the vect
spherical waves needed for the analysis of electromagn
fields are the transversal ones, which are calledM and N
waves following the expression used by Stratton.18 The con-
crete forms ofM andN waves in polar coordinates are

eL
M~ f ,k,r !5S 0

2
1

sinu

]

]f

]

]u

D f l~kr !YL~ r̂ !, ~1!

eL
N~ f ,k,r !5S 2 l ~ l 11! f l~kr !

2F ]

]r
r f l~kr !G ]

]u

2F ]

]r
r f l~kr !G 1

sinu

]

]f

D 1

kr
YL~ r̂ !, ~2!

where f l is the spherical Bessel functionj l , the spherical
Neumann functionnl , or the spherical Hankel function o
the first kindhl

(1) . k5v/c, v is the frequency of the field

andc is the speed of light.YL( r̂ ) is the spherical harmonic o
angular momentumL5( l ,m).19 The plane wave can be ex
panded by the vector spherical waves as

E0eik•r5 (
b5M ,N

(
L

eL
b~ j ,k,r !aL

b~0!, ~3!

where the amplitudeaL
b(0) is

aL
b~0!5

1

l ~ l 11! (
j 5x,y,z

(
L8

@~Pj
b!†#LL84p i l 8YL8~ k̂!Ej

0 .

~4!

Here,Pj
b (b5M ,N, j 5x,y,z) is the transformation matrix

which is given in Ref. 20, and is to calculate thej th Carte-
sian component of the vector spherical waves.21 When this
plane wave is incident on the sphere, the outgoing wa

FIG. 1. Model for calculation of the light emission STM usin
the reciprocity theorem.
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from it are generated with itsT matrix, t. For the spherical
scatterer, theT matrix is decoupled toM andN blocks and is

diagonal withL, that is,tLL8
bb85dbb8dLL8t l

b . Those outgoing
waves will be scattered by the substrate surface. When tr
ing this reflection, the outgoing spherical waves are tra
formed into the integral of plane waves. The reflection of t
plane waves at the plane surface is easily calculated. T
the reflected plane waves are transformed into the sphe
waves, and they act as the incoming waves into the sph

again. This process can be expressed using the matrixSLL8
bb8 ;

an incoming wave ofeL8
b8 is scattered by the sphere, the

reflected by the substrate, and returns as the incoming w

eL
b’s with variousL ’s having the amplitudeSLL8

bb8 . Repeating
this process, the amplitudes of all the incoming waves i
the sphere, including the incident plane wave and the wa
that repeat the scattering between the sphere and subs
surface, are formally written as

~11St1StSt1••• !a~0!5~12St!21a~0!, ~5!

where a(0)5( . . . ,aL
M(0), . . . ,aL

N(0), . . . )t. The contri-
bution from the plane wave that is first reflected by the s
strate and then is incident on the sphere must be include
well. The details are described by Takemori a
co-workers.17 The difference between theirs and our calcu
tion is the reflection coefficients of the substrate. In Ref.
the substrate is a semi-infinite homogeneous material,
the reflection by it is calculated using the Fresnel formul
In our model, the substrate is covered with the film, so t
the reflection coefficients are replaced with the ones for
doubly-layered structure. The sample we consider is
semi-infinite substrate whose dielectric constant is«̄2«0 cov-
ered with the film of thicknessdf and the dielectric constan
«̄1«0. The wave vector of the incoming wave is (kx ,ky ,
2g), where g5Ak22kx

22ky
2 (ky50 for the sourcej p in

Fig. 1!. When this wave is impinging on the substrate wit
out the sphere, the horizontal component of the wave ve
(kx ,ky) is conserved, and thez component in each region i
changed:

g i5A«̄ ik
22kx

22ky
2 ~ i 51,2!. ~6!

The reflection matrixr i j ( i , j 5x,y,z) is

r 5S r s 0 r xz

0 r s r yz

0 0 r p

D , ~7!

wherer s andr p are the reflection amplitudes for thes polar-
ized andp polarized incoming plane waves, respectively;k

5k1 /A«̄15k2 /A«̄2 and

r s5

S 12
g2

g D cosg1df2 i S g2

g1
2

g1

g D sing1df

S 11
g2

g D cosg1df2 i S g2

g1
1

g1

g D sing1df

, ~8!
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r p5

S k2
2

k2

g

g2
21D cosg1df2 i S k1

2

k2

g

g1
2

k2
2

k1
2

g1

g2
D sing1df

S k2
2

k2

g

g2
11D cosg1df2 i S k1

2

k2

g

g1
1

k2
2

k1
2

g1

g2
D sing1df

.

~9!

r xz and r yz are given by

r iz5
2gki

k22g2
~r s1r p! ~ i 5x,y!. ~10!

By this reflection matrix and the procedure expressed by
~5!, we can calculate the scattering problem of the system
the sphere above the substrate covered with the film. S
this is an exact solution of the Maxwell equation, the ret
dation effect is fully included. Thez component of the cal-
culated electric fieldEz8 means the enhancement factor of t
field when the plane wave having the amplitude of unity
incident. This plays an important role in calculating the
diation from the STM.4 We call this factorG. Using this
factor and the reciprocity theorem, the radiated power fr
the STM gap per unit solid angle becomes

dP

dV
5

1

2

1

~4p!2«0

v2

c3
u j u2uGu2. ~11!

Here, the origin of the solid angleV is r 0. Now we need to
estimate the value ofu j u2. The form of the point source is
j (r )5 j ẑd3(r2r0). Sincej is the current density, the unit o
j is @Am#. This can be understood as an infinitesimally sh
and narrow current pathI •d l . From this consideration we
put j asId, whereI is the STM current andd is the distance
between the sphere and substrate. Althoughd is finite, d
510 Å, which will be used in the following calculation, ma
be small enough. Thusu j u2 becomesI 2d2. The power spec-
trum uI vu2 of the current fluctuations is defined by

uI vu25(
f

u^ f u Î u0&u2d@v2~Ef2E0!/\#, ~12!

wheref and 0 label the final and ground states, andÎ is the
current operator. The expression foruI vu2 has been evaluate
using the tunneling Hamiltonian formalism16,22

uI vu25H eI0
2p S 12

\v

eVb
D , 0,\v,eVb ,

0, eVb,\v,

~13!

where Vb is the bias voltage between the sphere and s
strate. As a result, the radiated power betweenv and v
1dv is

dP

dV
5

1

2

1

~4p!2«0

v2

c3
uGu2d2uI vu2dv. ~14!

If we rewrite this as the radiated power per unit so
angle and photon energy and use Eq.~13!, it becomes
07540
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d2P

d~\v!dV
5

1

64p3«0

e

\c3
uGu2v2d2I 0S 12

\v

eVb
D . ~15!

The radiated power spectrum will be calculated by using
~15!.

III. RESULTS AND DISCUSSION

A. Metal film on a dielectric substrate

We first show the calculation results of the PESTM fro
a metal film on a dielectric substrate. The sphere~STM tip! is
made of W and its radius isa5100 Å. The gap distance
between the sphere and the metal surface isd510 Å. As the
dielectric constant of the substrate, we use the value of
«̄2511.7. We make it constant to exclude the optical pro
erty of the substrate from a result~the dielectric constant o
real Si varies pretty much in the visible range due to dir
transitions!. The metal film is Ag or Cu. The dielectric func
tions of these materials are taken from the experimental d
of Ref. 23 and that of W is from Ref. 24. The bias volta
between the tip and substrate isVb54.0 V. Since we em-
ployed the current power spectrum as Eq.~13!, the current
itself becomes a parameter.25 Thus, we have chosen the cu
rent as I 051 nA. In other words, the calculated radiate
power is per 1 nA tunnel current and is proportional to t
current value.

The first sample film is Ag. In Fig. 2 we plot the differ
ential radiated power of emitted fields for the different valu
of film thicknessdf ’s. The dotted line is fordf5`. The
results fordf5200, 100, and 50 Å are plotted by the sol
lines. The observation angle is 45°. From this figure,
peak position shows the blueshift as thinning the film. It
notable that the peak height fordf5200 Å is about 12%
larger thandf5`. The peak positions and peak heights f
different values ofdf are given in Table I. This indicates th
existence of the optimal thickness of the Ag film for th
effective light emission, and it may be arounddf;200 Å.
The peak height fordf5` and df5100 Å is almost the
same, but it decreases considerably whendf550 Å. The

FIG. 2. Radiated power per unit solid angle and photon ene
per 1 nA current, for Ag films on the dielectric substrate who

dielectric constant is«̄2511.7. The dotted line is the plot fordf

5`. The solid lines are for the Ag films of finite thickness, and
value is varied asdf5200, 100, and 50 Å.
9-3
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skin depth of Ag in this range of frequencies is aboutd
5300 Å so thatdf550 Å is much smaller thand. One rea-
son for the decrease of the radiated power is the wea
confinement of electromagnetic fields due to the thinner fi
which leads to larger coupling between the localized surf
plasmon and the dielectric substrate. Thus, some part o
decreased radiated power may be transmitted into it. T
effect becomes clear whendf becomes less than the sk
depth. In this meaning, a thicker film implies the better co
finement of electromagnetic fields. Therefore, the existe
of the optimal thickness arounddf;200 Å is remarkable.

Next we show the results of the Cu film in Fig. 3. It als
shows a slight blueshift as thinning the film. The peak hei
becomes lower with decreasingdf more rapidly than the Ag
film; the curve fordf5200 Å shows considerable differenc
with df5`. This is because of the longer skin depth of C
which is aboutd5700 Å in the visible range; it is much
longer than the film thickness employed in Fig. 3. Thus,
thinning of the film affects the spectra more, and the pe
values decrease monotonously. Hence, we cannot find
optimal thickness for the light emission like the Ag film; th
spectrum fordf5800 Å ~not shown! is almost the same a
that for df5`, and the peak height is lowered gradually
the decrease ofdf .

B. Dielectric film on a metal substrate

In this subsection we consider the effect of a dielec
film covering a metal substrate on the PESTM. Thus,
semi-infinite substrate of dielectric constant«̄2 is metal, and

TABLE I. The peak positions,Ep’s, of the radiated power and
the peak height values for variousdf ’s of Ag films. Each peak
height value is normalized by the value fordf5`. The energy step
is \Dv50.02 eV.

df ~Å! Ep ~eV! Height

50 3.50 0.627
100 3.46 1.005
200 3.42 1.123
300 3.42 1.105
400 3.42 1.067
` 3.40 1

FIG. 3. Same as Fig. 2, but metal films are Cu.
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the film of thicknessdf and dielectric constant«̄1 is dielec-
tric in this section. In the following calculations, the spher
metal surface distance is kept constant,d510 Å, and the
thickness of the dielectric film is varied. Therefore, asdf
becomes larger, the sphere-film surface distance beco
shorter.

We use a real dielectric constant for the film,«̄154. In
Fig. 4 we plot the differential radiated power for two diffe
ent values of film thickness,df55 and 8 Å by thesolid lines.
The dotted lines is for the bare surface (df50). It is obvious
that the peak value becomes quite larger for the thicker fi
when df58 Å the peak is 7.7 times as high as that of t
bare surface. One reason for this strong enhancement is
shortening of the air gap which leads to good confinemen
electromagnetic field between the sphere and plane surf
Another reason is the enlargement of the enhancement fa
uGu by the better electromagnetic coupling between
sphere and metal substrate due to the dielectric film hav
«̄1.1. The latter reason is supported by the results of va
ing «̄1. In Fig. 5, we plot the results of three different diele
tric films «̄152, 3, and 4, by the solid lines; the thickness

FIG. 4. Two solid lines are the differential radiated power f
the Ag substrate covered with dielectric films of different thickne

df55 and 8 Å. The dielectric constant of the film is«̄154. The
dotted curve is for the bare surface (df50).

FIG. 5. Differential radiated power for the Ag substrate cover
with the dielectric film. The value of the dielectric constant is vari

as «̄152, 3, and 4. The film thickness is 5 Å for all three curves.

For comparison, the result for the bare surface («̄151) is plotted by
the dotted line.
9-4
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LIGHT EMISSION INDUCED BY A SCANNING TUNNEL . . . PHYSICAL REVIEW B 67, 075409 ~2003!
df55 Å. As «̄1 becomes smaller, the peak height becom
lower. In both changes, thickening the film and enlarging
dielectric constant, the peak value becomes larger with
redshift. The analysis by Rendell and Scalapino16 shows that
the frequency of the surface plasmon becomes smaller
decreasing the gap distanced. In other words, better coupling
between the sphere and substrate leads to the redshift o
peak. The redshift found in the Ag substrate covered with
dielectric film can be understood in a similar way.

We performed the same calculations for the Cu substr
and the results are in Figs. 6 and 7. With respect to the p
height, a general tendency is very similar to the Ag subst
and the same conclusion can be derived. On the other h
the redshift is not recognized in the results of the Cu s
strate with thickening the film or enlarging«̄1, however, the
peak position is almost unmoved. This may be because C
a rather lossy material due to interband transitions and
optical property is quite different from the free-electron-li
metal. The peak position of the Cu substrate is pretty affec
by the position of the minimum of the imaginary part of th
dielectric function.

Although we use the constant current 1 nA for every c
culation, this may be changed depending on situations, s
as film thickness or dielectric constants. If the current is lo
ered by thickening the film, the radiated power will be low
ered as well. Therefore, we have to estimate the total cur
and current power spectrum Eq.~13! more precisely when
the film is covering the substrate, to make sure that th
enhancements really occur in a real experimental condit

FIG. 6. Same as Fig. 4, but the substrate is Cu.

FIG. 7. Same as Fig. 5, but the substrate is Cu.
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As a matter of fact, our calculations do not agree ve
well with reported experimental results. For example,
radiated spectra from the Ag substrate covered with con
gated polymers showed the blueshift from the bare surf
spectrum.26 According to another report, the light intensit
from the Au film covered with the layer of copper phthal
cyanine molecules becomes smaller than that from the
covered Au film.27 This is also true for the C60-covered Au
surface.28 As one of the reasons for these disagreeme
those layers is thicker than our model in some data; t
could be about 500 Å in Ref. 26. Concerning peak shi
they should be influenced by the luminescence of molecu
themselves. Another possible reason is that the layer of m
ecules have shown corrugated structures.26,27 For the system
of the sphere above the substrate, the size of the local
surface plasmon is estimated asA2ad (d!a).16 This value
is 44.7 Å for our model, and typically less than 100 Å
usual PESTM experiments. Since these values and the
rugation size of molecular layers are of the same order, t
may not be treated as homogeneous layers as we mod
However, we can find some experimental data which ag
with our calculations. For example, Fujita and co-worke
have shown that the light intensity increased by covering
Cu surface with porphyrin molecules.29 Similar behavior can
be seen in the data by Bond and co-workers.26

It must be investigated intensively to what extent o
dielectric-film model can be applied to molecular films o
metal substrates.

C. Error estimation

In the numerical calculation of the enhancement factorG,
we must truncate the basis functions of spherical wave
finite numberl max. We employedl max520 for every calcu-
lation. For convergence check we compared all the peak
ues of the enhancement factors with those calculated u
l max525. For the metal films on the dielectric substrates,
relative error is less than 0.4% for the Ag films, and is le
than 0.07% for the Cu films. These values are almost
same as the calculation for the semi-infinite metal substra
For the calculations of the metal substrates covered with
electric films, however, the relative error becom
0.68–4.21 % for the Ag substrate and 0.20;1.47% for the
Cu substrate. The worst case isdf58 Å ( «̄154) for both
substrates. This is because of the good confinement of
electromagnetic field in the gap region described in S
III B. Thus, we may need more bases to calculate the sur
plasmon formed there more accurately. Unfortunately,
cause of the computation time problem, we had to usel max
520 even for those worst cases. Using our workstation, IB
RS/6000 having Power3 200MHz CPU, it takes about
min for one datum point whenl 520, and about 220 min
when l 525; the required memory space becomes more t
twice by this increase ofl. The most time-consuming part i

the calculation of the matrix elementsSLL8
bb8 . Since the num-

ber of bases is 2(l max11)2, that of the matrix elements be
comes its square and increases rapidly withl max ~the ele-
ments to be calculated is much fewer than it because of
symmetry of the model!. This is also the reason why th
9-5
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KATSUKI AMEMIYA PHYSICAL REVIEW B 67, 075409 ~2003!
sphere radius is relatively small; morel must be required for
a larger sphere. Truncation aroundl max;40 would be more
appropriate for better accuracy, though much more comp
tional effort would be required. We believe that physic
meaning of the calculated results presented here is
changed very much when compared with a more accu
calculation.

IV. CONCLUSIONS

In the present paper we calculated the STM-induced li
emission from doubly layered substrates. First, we h
shown the results of the metal films on the dielectric s
strate. As the film becomes thinner, the peak of the radia
power shows the blueshift. For the Ag film, the optim
thickness for the effective light emission exists. On the ot
hand, the Cu film shows monotonous decrease of heigh
the radiation peak with decreasing the film thickness.

The calculation on metal substrates covered with thin
electric films is also performed. As the film becomes thick
or the dielectric constants of the film become larger, the
diated power is enhanced quite strongly. This is cause
part by the good electromagnetic coupling between the
and the substrate due to the dielectric film, which leads to
enlargement of the enhancement factor. The redshift of
R

e

p
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.
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peak is observed for the Ag substrate with those change
the dielectric film, and this may be understood as a shift
the resonance frequency of the localized surface plasmo
the better coupling between the sphere and substrate.

In our calculation we used the current power spectr
derived from the simple metal-insulator-metal model. Th
may have to be replaced with a more precise model, es
cially for a metal substrate covered with a dielectric film.

An advantage of our calculation is easiness of treatin
multilayered substrate. If its reflection amplitude for th
plane wave is known, the radiated power can be calcula
A system of periodically arrayed layers is one example. I
an interesting problem how such a multilayered syst
changes the nature of the localized surface plasmon and
fects the light emission.
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