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Light emission induced by a scanning tunnel microscope from a doubly layered substrate
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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.
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I. INTRODUCTION ing most of the area. Therefore, this system may act similar

More than a decade ago the scanning tunneling microto a metal substrate covered with an organic thin film.
scope(STM) induced photon emission was first observed, Though it may be a rough estimation to approximate those
and the theoretical calculations performed soon later havénolecular layers as a dielectric film, we think some informa-
shown very good agreement with the experimental reédlts. tion can be obtained by this calculation.
Its origin is considered as the excitation of the localized sur- In order to treat both of these cases, that is, a metal film
face plasmon induced in the tip-sample gap region by thé&n a dielectric substrate and a dielectric film on a metal sub-
STM current, and its decay into the radiation field. Sincestrate, we formulate the calculation method for a doubly lay-
then, it has been applied to various tip and sample material€red substrate. As this calculation gives an exact solution of
It depends not only on tip and substrate materials, but also offie¢ Maxwell equation, the retardation effect is fully taken
tip shapes and sample surface condition. Because of the seffo account. By using this method we will show how the
sitivity of the tip-sample condition, this may present variety'ayer of finite thickness on the substrate surface has an effect
of ways of surface analysis. Moreover, there is a possibilityon the light emission from the STM.
to use it as a nanoscale light emission mechanism.

A number of theoretical analyses have been performed, Il. MODEL
and many of them were based on the electromagnetic field . . . . .
calculatio>|/‘1 induced by the point current source |gn the tip- . As described in Refs. 2 and 4 calculation of light emis-
sample geometry. Earliest attempts were based on the systeﬂ‘?n fro_m STM can be d|V|ded_|nt_o two parts; one is the
of a sphere above a plaAé® They are nonretarded calcuia- calculation of the electromagnetic field induced by des-
tions, but later Johansson included the retarded effect in thgical current source, and the other is the calculation of the
theory? Moreover, theoretical works have also demonstrated®©Wer Spectrum of the current fluctuations. We also use this

that the sample size or tip shape influences the photon emi§TJethOOI to co_mpu_te_ the radiated power induced by the STM
sion spectra considerablyl® A sample having the corru- current. For simplicity, we use a model which has been often

gated surface has also been discussed. employed; that is, the STM tip is replaced with a sphere

When a sample has the flat surface, however, the effect J}aving radius of. The origin of the coordinate system is the

the substrate thickness on the light emission is rarely pai&enter of the sphere, and th@xis is taken as normal to the

attention to. So far, semi-infinite substrates were assumed rHPstrate surfacéFig. 1). It is assumed that the current

most theoretical approaches. This assumption is well valiSOUTCel €xists just below the spheg,=(0,0~a—0), and
PP P e electric fielcE in the far region should be calculated. The

dated in a usual experimental situation where the thicknesd! ) X ; e
of the metal substrate is much larger than the skin depth if€CIProcity theorem is used to calculate the far field induced
the optical range. However, there should be some chand®y the sourcg.™ By this theorem, the electric field can be
when the metal thickness becomes smaller and comparabfié/culated by exchanging the source and observation point,
to the skin depth, and the spectrum may be pretty affected bgnd the problem is reduced to computing #Eomponent of
the metal thickness. e electric fieldg,, below the sphere when the point current
Another interest is a dielectric film on a metal substrate SOUrceio(r)=j,6 8°(r —ry) is far away from the tip-sample
Experiments on the photon emission STRESTM using  9ap (Fig. 1), where ¢’ is the angle between theaxis and
substrates covered with organic molecules have been perp—ro, and @ is the unit vector which is perpendicular to
formed from just after the discovery of PESTNI,°and it is rp,—ro and is on the-z plane. Since the source is far enough
expected as an observation tool for physical and chemicdtom the system, the electric field in the gap region is ob-
states of molecular layers on substrates. Although interests ¢éined by using a calculated result of the electric fiEld
some of them may be in the luminescence from the indiwhen the plane wave of thepolarization is incident on the
vidual molecules in the STM configuration, it is very hard to systen:
identify the location of the single molecules when their dis- For the calculation of the electromagnetic fi€d in the
tribution is sparse. Consequently, the molecules were covesystem of the sphere above the substrate, we employed the
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FIG. 1. Model for calculation of the light emission STM using
the reciprocity theorem.

vector spherical wave expansion method used by Takemori
and co-workers! In the polar coordinate system, the vector
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from it are generated with it$ matrix, t. For the spherical
scatterer, thd matrix is decoupled td1 andN blocks and is

diagonal withL, that is,t*# = 5,5, 5, /tf . Those outgoing
waves will be scattered by the substrate surface. When treat-
ing this reflection, the outgoing spherical waves are trans-
formed into the integral of plane waves. The reflection of the
plane waves at the plane surface is easily calculated. Then,
the reflected plane waves are transformed into the spherical
waves, and they act as the incoming waves into the sphere

again. This process can be expressed using the nﬁqﬁx

an incoming wave ofef,’ is scattered by the sphere, then
reflected by the substrate, and returns as the incoming waves

€'s with variousL’s having the amplltudcsu_, . Repeating

this process, the amplitudes of all the incoming waves into
the sphere, including the incident plane wave and the waves
that repeat the scattering between the sphere and substrate
surface, are formally written as

(1+St+StStr-- - )a(0)=(1—St) 1a(0), (5)

spherical waves needed for the analysis of electromagnetic

fields are the transversal ones, which are calédnd N
waves following the expression used by Strattdithe con-
crete forms ofM and N waves in polar coordinates are

0
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where f, is the spherical Bessel functign, the spherical
Neumann functiom,, or the spherical Hankel function of
the first kindh{"). k=wlc,  is the frequency of the field
andc is the speed of lighty, (r) is the spherical harmonic of

angular momentun = (I,m).*® The plane wave can be ex-
panded by the vector spherical waves as

Oelkr= > > €(j.kraf(0), 3
B=M,N L
where the amplituder(0) is
af(0)= |+1)]2 2 [(PY) e 4wt YL (K)ED
(4)

Here,PjB (B=M,N, j=x,y,2) is the transformation matrix
which is given in Ref. 20, and is to calculate th# Carte-
sian component of the vector spherical wa%e®hen this

plane wave is incident on the sphere, the outgoing waves

where a(0)=(...,a"(0),...,a}(0),...)\. The contri-
bution from the plane wave that is first reflected by the sub-
strate and then is incident on the sphere must be included as
well. The details are described by Takemori and
co-workerst’ The difference between theirs and our calcula-
tion is the reflection coefficients of the substrate. In Ref. 17
the substrate is a semi-infinite homogeneous material, and
the reflection by it is calculated using the Fresnel formulas.
In our model, the substrate is covered with the film, so that
the reflection coefficients are replaced with the ones for the
doubly-layered structure. The sample we consider is the

semi-infinite substrate whose dielectric constant,is, cov-
ered with the film of thicknesds and the dielectric constant

£189. The wave vector of the incoming wave i&,(ky,
—1v), where y=k?*— Z—kz (k,=0 for the sourcq, in

Fig. ). When this wave is |mp|ng|ng on the substrate with-
out the sphere, the horizontal component of the wave vector
(kx,ky) is conserved, and thecomponent in each region is
changed:

yi=Vek?—ki—ki (i=1.). (6)
The reflection matrix;; (i,j=X,y,2) is
r« 0 ry
r={ 0 rg Fyz |, (7)
O 0 r

p

whererg andr, are the reflection amplitudes for tisgoolar-
ized andp polarized incoming plane waves, respectively;

=k, /a1 =K,/ &, and
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By this reflection matrix and the procedure expressed by Eq. FIG. 2. Radiated power per unit solid angle and photon energy

(5), we can calculate the scattering prOblem, of the §ystenj Oyger 1 nA current, for Ag films on the dielectric substrate whose
the sphere above the substrate covered with the film. Smc&

thg IS arflf exa.ctfscl)llutllor: %f tc:\eTl\élaxweII equatlor]:, Lhe reltar-:w_ The solid lines are for the Ag films of finite thickness, and its
ation effect is fully |Inc uded. The component of the cal- | . e is varied asl{=200, 100, and 50 A.

culated electric fieldE, means the enhancement factor of the

field when the plane wave having the amplitude of unity is

electric constant i$_2:11.7. The dotted line is the plot fai;

2
incident. This plays an important role in calculating the ra- d<p _ 1 i|G|2w2d2| (1_ h_‘”) (15)
diation from the STM* We call this factorG. Using this d(iw)dQ ~ 6an3e, hcl 0 eV’
factor and the reciprocity theorem, the radiated power from
the STM gap per unit solid angle becomes The radiated power spectrum will be calculated by using Eq.
(15).

P 1 1 ?

90" 2 2 =liPFlel (11)

dQ 2 (4m)%, ¢ lll. RESULTS AND DISCUSSION
Here, the origin of the solid angl@ is r,. Now we need to A. Metal film on a dielectric substrate

estimate the value Fiﬁ |2j The form of the point source i \yq first show the calculation results of the PESTM from
j(r)=jz8%r—ro). Sincej is the current density, the unit of z metal film on a dielectric substrate. The SpH&EM tip) is

j is[Am]. This can be understood as an infinitesimally shortmade of W and its radius ia=100 A. The gap distance
and narrow current path- 5l. From this consideration we petween the sphere and the metal surfack=40 A. As the
putj asld, wherel is the STM current and is the distance dielectric constant of the substrate, we use the value of Si,
between the sphere and substrate. Althodgls finite, d g,=11.7. We make it constant to exclude the optical prop-

=10 A, which will be ug;ezd in the fO||20V\21Ing calculation, may oy of the substrate from a resithe dielectric constant of
be smallzenough. Thug|” becomed “d”. The power spec- o4 s; varies pretty much in the visible range due to direct
trum |1,|* of the current fluctuations is defined by transitions. The metal film is Ag or Cu. The dielectric func-
tions of these materials are taken from the experimental data
||w|2:2 |<f|f|o>|2§[w_(Ef_Eo)/ﬁ], (12) of Ref. 23 and that of W is from Ref. 24. The bias voltage
f between the tip and substrate\\g=4.0 V. Since we em-

ployed the current power spectrum as EfR), the current
itself becomes a paramef@rThus, we have chosen the cur-
rent aslo=1 nA. In other words, the calculated radiated
power is per 1 nA tunnel current and is proportional to the
current value.

wheref and 0 label the final and ground states, &rid the
current operator. The expression fog|? has been evaluated
using the tunneling Hamiltonian formalisfif?

e_IO — h_w , O0<hw<eVy, The first sample film is Ag. In Fig. 2 we plot the differ-
[1,|2=1 27 eVp (13 ential radiated power of emitted fields for the different values
0, eVW<to, of film thicknessd¢’s. The dotted line is ford;=c. The

_ _ results ford;=200, 100, and 50 A are plotted by the solid
whereV, is the bias voltage between the sphere and subjnes. The observation angle is 45°. From this figure, the
strate. As a result, the radiated power betweerand @ peak position shows the blueshift as thinning the film. It is
tdwis notable that the peak height fa;=200 A is about 12%

) larger thand;=c. The peak positions and peak heights for

d_P: } 1 w—|G|2d2|I 2dw (14) different values ofd; are given in Table I. This indicates the

dQ 2 (47)%, c® @ ' existence of the optimal thickness of the Ag film for the

effective light emission, and it may be aroudg~200 A.
If we rewrite this as the radiated power per unit solid The peak height fodi=o and d;=100 A is almost the
angle and photon energy and use EB), it becomes same, but it decreases considerably whigr-50 A. The
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TABLE I. The peak positionsE,’s, of the radiated power and 1e+06 ; : . :
the peak height values for variouk's of Ag films. Each peak 900000 | dr=8A
height value is normalized by the value fiy=o0. The energy step < 800000 |
is iAw=0.02 eV. < 700000
T 600000
d; (A) Ep (eV) Height — .2 500000 5A
S 400000
100 3.46 1.005 %200000 L
200 3.42 1.123 100000
300 3.42 1.105 0 Sy
400 3.42 1.067 1 15 2 25 3 35 4
&3 3.40 1 v

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

skin depth of Ag in this range of frequencies is ab@ut ¢ =5 and 8 A. The dielectric constant of the filmag=4. The
=300 A so thaid;=50 A is much smaller tha@. One rea-  dotted curve is for the bare surface; & 0).

son for the decrease of the radiated power is the weaker
confinement of electromagnetic fields due to the thinner film, , , ) ) —
which leads to larger coupling between the localized surfac&® film of thicknessd; and dielectric constant, is dielec-
plasmon and the dielectric substrate. Thus, some part of tH&ic in this section. In the_ following calculations, the sphere-
decreased radiated power may be transmitted into it. Thi§'etal surface distance is kept constat:10 A, and the
effect becomes clear whedy becomes less than the skin thickness of the dielectric f|Im is varied. Therefore, &S
depth. In this meaning, a thicker film implies the better con-2€comes larger, the sphere-film surface distance becomes
finement of electromagnetic fields. Therefore, the existenc&norter. _
of the optimal thickness arourd}~ 200 A is remarkable. We use a real dielectric constant for the filmy,=4. In

Next we show the results of the Cu film in Fig. 3. It also Fig. 4 we plot the differential radiated power for two differ-
shows a slight blueshift as thinning the film. The peak heighent values of film thicknessl;=5 and 8 A by thesolid lines.
becomes lower with decreasing more rapidly than the Ag The dotted lines is for the bare surfack €0). It is obvious
film; the curve ford;=200 A shows considerable difference that the peak value becomes quite larger for the thicker film;
with d;=cc. This is because of the longer skin depth of Cu,whend;=8 A the peak is 7.7 times as high as that of the
which is abouté=700 A in the visible range; it is much bare surface. One reason for this strong enhancement is the
longer than the film thickness employed in Fig. 3. Thus, theshortening of the air gap which leads to good confinement of
thinning of the film affects the spectra more, and the pealelectromagnetic field between the sphere and plane surface.
values decrease monotonously. Hence, we cannot find thnother reason is the enlargement of the enhancement factor
optimal thickness for the light emission like the Ag film; the |G| by the better electromagnetic coupling between the
spectrum ford;=800 A (not shown is almost the same as sphere and metal substrate due to the dielectric film having
that ford;=<0, and the peak height is lowered gradually by £;>1. The latter reason is supported by the results of vary-
the decrease d . ing ;. In Fig. 5, we plot the results of three different dielec-

tric films e,=2, 3, and 4, by the solid lines; the thickness is
B. Dielectric film on a metal substrate

In this subsection we consider the effect of a dielectric 600000
film covering a metal substrate on the PESTM. Thus, the 500000
semi-infinite substrate of dielectric constantis metal, and T
< 400000 |
16000 , : 1
. — .= 300000 |
14000 | /4 _~dr=200A S
- 12000 | 7 /N__100A 1 &[5 200000
< el 2
T 10000 | / ‘ = 100000 |
—j-e 8000 | — N .
oS 6000 f 1 i 15 2 25 3 35 4
%€ 4000 N\ eV
=
2000 FIG. 5. Differential radiated power for the Ag substrate covered
0 with the dielectric film. The value of the dielectric constant is varied

1 1.5 2 25 3 35 4 — . .
v ase,;=2, 3, and 4. The film thickness 5 A for all three curves.

For comparison, the result for the bare surfaE§=( 1) is plotted by
FIG. 3. Same as Fig. 2, but metal films are Cu. the dotted line.
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100000 : : - . As a matter of fact, our calculations do not agree very

90000 1 dr=8A T well with reported experimental results. For example, the

7. 80000 r i radiated spectra from the Ag substrate covered with conju-

E 70000 I gated polymers showed the blueshift from the bare surface
1, 60000 1 spectrunt® According to another report, the light intensity
~|-g 50000 r " from the Au film covered with the layer of copper phthalo-

a % 40000 cyanine molecules becomes smaller than that from the un-

5|3 80000 covered Au film?’ This is also true for the g-covered Au
§ 20000 f a -

10000 £ surface’”® As one of the reasons for these disagreements,

ol , , TR those layers is thicker than our model in some data; they

1 15 2 25 3 35 4 could be about 500 A in Ref. 26. Concerning peak shifts,

eV they should be influenced by the luminescence of molecules
themselves. Another possible reason is that the layer of mol-
ecules have shown corrugated structdfe For the system
of the sphere above the substrate, the size of the localized
d;=5 A. As &, becomes smaller, the peak height becomesurface plasmon is estimated d@®ad (d<a).® This value
lower. In both changes, thickening the film and enlarging thds 44.7 A for our model, and typically less than 100 A in
dielectric constant, the peak value becomes larger with thgsual PESTM experiments. Since these values and the cor-
redshift. The analysis by Rendell and Scalapirshows that rugation size of molecular layers are of the same order, they
the frequency of the surface plasmon becomes smaller withhay not be treated as homogeneous layers as we modeled.
decreasing the gap distangen other words, better coupling However, we can find some experimental data which agree
between the sphere and substrate leads to the redshift of théth our calculations. For example, Fujita and co-workers
peak. The redshift found in the Ag substrate covered with thdiave shown that the light intensity increased by covering the
dielectric film can be understood in a similar way. Cu surface with porphyrin moleculé$Similar behavior can

We performed the same calculations for the Cu substratdie seen in the data by Bond and co-workérs.
and the results are in Figs. 6 and 7. With respect to the peak It must be investigated intensively to what extent our
height, a general tendency is very similar to the Ag substratdielectric-film model can be applied to molecular films on
and the same conclusion can be derived. On the other handhetal substrates.
the redshift is not recognized in the results of the Cu sub-
strate with thickening the film or enlarging, however, the C. Error estimation
peak position is almost unmoved. This may be because Cu is | the numerical calculation of the enhancement faGpr
a rather lossy material due to interband transitions and it§,e must truncate the basis functions of spherical waves at
optical property is quite different from the free-electron-like finite numberl max. We employed .= 20 for every calcu-
metal. The peak position of the Cu substrate is pretty affectethtion. For convergence check we compared all the peak val-
by the position of the minimum of the imaginary part of the yes of the enhancement factors with those calculated using
dielectric function. | max=25. For the metal films on the dielectric substrates, the

Although we use the constant current 1 nA for every cal-rg|ative error is less than 0.4% for the Ag films, and is less
culation, this may be changed depending on situations, sugan 0.07% for the Cu films. These values are almost the
as film thickness or dielectric constants. If the current is low-same as the calculation for the semi-infinite metal substrates.
ered by thickening the film, the radiated power will be low- o the calculations of the metal substrates covered with di-
ered as well. Therefore, we have to estimate the total curreRfjectric  films, however, the relative error becomes
and current power spectrum E(L3) more precisely when o gg_4.219% for the Ag substrate and 0:2D47% for the

the film is covering the substrate, to make sure that thos%u substrate. The worst caseds=8 A (; —4) for both

enhancements really occur in a real experimental Cond't'on'substrates. This is because of the good confinement of the

electromagnetic field in the gap region described in Sec.

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

40000 ' Il B. Thus, we may need more bases to calculate the surface
g1=4
— 35000 ¢ =3 plasmon formed there more accurately. Unfortunately, be-
‘2 30000 ¢ . cause of the computation time problem, we had to lygg
£ 25000 £=2 ] =20 even for those worst cases. Using our workstation, IBM
hozoooo | ] RS/6000 having Power3 200MHz CPU, it takes about 85
”“5} min for one datum point wheh=20, and about 220 min
A %15000 ’ whenl =25; the required memory space becomes more than
S 10000 ¢ 1 twice by this increase df The most time-consuming part is
5000 1 TN the calculation of the matrix elemer®”, . Since the num-
0

ber of bases is 2.+ 1)?, that of the matrix elements be-
comes its square and increases rapidly wWith, (the ele-
ments to be calculated is much fewer than it because of the
FIG. 7. Same as Fig. 5, but the substrate is Cu. symmetry of the model This is also the reason why the

1 1.5 2 25 3 35 4
eV
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sphere radius is relatively small; mdrenust be required for
a larger sphere. Truncation arouhgl,~40 would be more

PHYSICAL REVIEW B 67, 075409 (2003

peak is observed for the Ag substrate with those changes of
the dielectric film, and this may be understood as a shift of

appropriate for better accuracy, though much more computahe resonance frequency of the localized surface plasmon by
tional effort would be required. We believe that physicalthe better coupling between the sphere and substrate.
meaning of the calculated results presented here is not In our calculation we used the current power spectrum
changed very much when compared with a more accuratderived from the simple metal-insulator-metal model. This
calculation. may have to be replaced with a more precise model, espe-
cially for a metal substrate covered with a dielectric film.

An advantage of our calculation is easiness of treating a
) _multilayered substrate. If its reflection amplitude for the

In the present paper we calculated the STM-induced lighpjane wave is known, the radiated power can be calculated.
emission from doubly layered substrates. First, we havex system of periodically arrayed layers is one example. It is

strate. As the film becomes thinner, the peak of the radiateghanges the nature of the localized surface plasmon and af-
power shows the blueshift. For the Ag film, the optimal fects the light emission.

thickness for the effective light emission exists. On the other
hand, the Cu film shows monotonous decrease of height of
the radiation peak with decreasing the film thickness.

The calculation on metal substrates covered with thin di-
electric films is also performed. As the film becomes thicker We thank D. Fujita for motivating this work. We are
or the dielectric constants of the film become larger, the ragrateful to T. Takemori, K. Ohtaka, and H. Miyazaki for
diated power is enhanced quite strongly. This is caused imaluable discussions. This work was supported in part by the
part by the good electromagnetic coupling between the tigapanese Ministry of Education, Sports, Culture, Science and
and the substrate due to the dielectric film, which leads to thdechnology through Organized Research Combination
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