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STM-induced light emission fromvacuum-evaporated gold film
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Abstract. A vacuum evaporation system has been used to evaporate gold film on glass substrate in order
to probe the scanning tunneling microscope-light emsion (STM-LE) from the evaporated film. The
surface morphology of the evaporated Au film has been checked by atomic force microscope (AFM). In order
to estimate the appropriate thickness of the Au film, which is essential for the eahcement of STM-LE in the
prism-coupled geometry, a theoretical calculation has len performed. Our theoretical simulation revealed
that the light emission from the prism-coupled STM junction is strongly enhaned when the Au film has a
thickness of 40 nm. AFM observation also showed that the morphology of the gold films strongly depends on
the cleanliness of glass substrates and the deposition temperature. Relatively smooth surface was observed
when a 40-nm-thick Au film was evaporated at room tmperature on the preannealed glass substrate. Finally,
the evaporated films were deposited on the flat bottorof a hemispherical glass prism, and STM-LE from the
tip—sample gap into the vacuum (tip-side emission) anidito the prism (prism-side emission) were measured. It
was found from the experimental results that the prism-sidemission is much stronger tan the tip-side emission

by virtue of the enhancement of the prism-coupled geometry.

Keywords. Vacuum evaporation; Au film; morphology; AFM; STM-LE; enh ancement.

1. Introduction azimuthally oriented within the film. It was also reported
that the texture was poorer in thin films with respect to
The nucleation, growth and orientation of thin metathat observed in thick films.
films began very interesting shortly after the first experi- The surface structure of thin metallic films plays an
ment on the interaction between electron beams aidportant role for various interfacial phenomena, e.g., in
crystals$ and the interpretation of electron diffractionelectrochemistry and the chemical physics of thin film
(ED) patterng. Briick® studied the influence of the sub-superstructures. Evidently, the interfacial structure is of
strate on the orientation of deposited metal films. Usinigiterest, both on the microscopic and on the more macro-
polished quartz plates or smooth molybdenite (both polgcopic length scalesFor example, Langmuir-Blodgett
crystalline) as substrates, oriented polycrystalline A(LB) monolayers are typically 2 nm thick and are
films even at high substrate temperatures (50020 intended to coat a solid substrate with a monomolecular
were obtained. When condensed on quartz at@8the film over macroscopic dimensions. Therefore, the flat-
gold showed an orientation with the {111} plane parallehess and perfection of the substrate on these scales are of
to the surface, and without any preferred azimuthalljajor importance.
direction. On freshly cleaved, heated single-crystal rock— Scanning tunneling microscope light emission (STM-
salt substrates, areas of single-crystal gold were readilf) spectroscogly and atomic forcenicroscopy (AFM§?°
obtained. A marked dependence upon the temperatureagfd a new dimension to the powerful means of surface
the substrates was also reported. Rudigeudied the investigations, which enable one to explore the energy
metallic films that were obtaed by condensation on var-levels of individual surface nanostructures with atomic-
ious heated surfaces, inding mica and quartz. The scale spatial resolutioris. Analysing the spectrum of
obtained results confirmed the dependence of the orientasible light emitted from the tip—sample gap region pro-
tion on the substrate temperature, as reported by Bricskdes us information about the nature of the electronic tran-
Gold evaporated onto heated mica at a temperature sitions that are localized under the STM tip. Particularly,
300-400C revealed crystallites ofoctahedral faces, preparations of the atomicalfiat and electrical conductive
Au films are important to exaime the enhancement of light
emission via the excitation of localized surface plasmons
*Author for correspondenc@hamed.jamal@cu.ac.bd) (LSPs) and surface plasmon polaritons (SPPs).
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Although STM-LE spectroscopy is a powerful tool foi Bell jar
nanometre scale investigations of individual surfac Thickness monitor head
nanostructure$ 2 light to be detected is fundamentally
weak owing to the low efficiency of excitation by tunnel- Substrate
ing current in the range of nanoamperes. As a result, J

searchers frequently experience difficulty in measurir

STM-LE. Hence, it is preferable to improve the signe \[/

levels of STM-LE. It was previously reporfédhat the T

signal level can be improved by measuring STM-LE in GP-1B
prism-coupled configuration. In this configuration, the
sample is the metallic thin film evaporated on the botto lonization
of a hemispherical glass prism. Then STM-LE can t _saer | Computer
measured on both sides of the sample. That is to say, | <[: o

STM-LEs from the tip—sample gap into the vacuum (tig
side emission) and into the prism (prism-side emissio

can also be performed. X /<E

Thickness
monitor

In this paper, at first, we reported the results of ¢
AFM study of Au films thermally evaporated onto micro- |:‘7
scope-covered glass substrafEiseoretical calculation was \Z Rotary
carried out in order to estimate the most appropria AN —l pump

thickness of the Au layer for the investigation of STM
LE. Finally, we demonstrated the STM-LE measuremen

of the 40-nm-thick evaporated Au film in the prism- —1
couple geometry. 0il diffusion | Pirani gaugcl

pump

2. Experimental l_

2.1 Preparation of Au film

Figure 1. Schematic illustration of vacuum evaporation

Figure 1 shows the schematic illustrations of vacuufyStem-
evaporation system used for the preparation of the Au

thin films. The system is divided into five basic sectlon%rder to remove the surface contaminations. The vacuum

a diffusion pump system, a rotary pump, a chamber COVel of the chamber was attained at 8.00° Torr

sisting of a bell jar and hoist, system controls and cabinet%/éfore deposition and the glass substrates were kept at
A liquid-nitrogen cold-trap is also present in the evaporag om temperature during the deposition. The deposition

tion system. In this deposition technique, a resistive SViite and target thickness of the depositéd films were set
poration method was used. Resistive evaporation isﬁf be 0.2 nm< and 40 nm, respectively. The morpho-

commonly used vacuum deposition process in WhlcI gy of the prepared Au substrates were checked by

electrical energy is used to heat a filament which in tur FM. The film thickness and the dielectric constants of
heats a deposition material to the point of evaporation. Re A'u layer were determined by ellipsometry

this system, a molybdenum boat is heated electrically

with a large current to evaporate the gold wire for the

preparation of the metallic (Au) films. During deposition2.2 Experimental set-up for STM-LE measurement

the film thickness was gradually monitored by using a

quartz crystal oscillator. Figure 2 shows the experimental set-up employed
In order to prepare the Au films on glass substrate®y measure STM-LE in the prism-coupled geometry.

gold wire was cleaned with ethanol in an ultrasonic batkollowing the sample preparation process, the sample

Glass substrates were also cleaned in two ways: firgtas pasted to the flat bottom of the hemispherical prism

they were washed by detergent and pure water and theade of BK7 using an index-matching oil. The STM

cleaned with ethanol in an ultrasonic bath; finally thehead shown in figure 2 was set over a rotation stage with

were cleaned with acetone in an ultrasonic bath and ththe tip front over the rotation axis, which enabled us to

dried under a stream of nitrogen. Cleaned gold wire waletect STM-LE as a function of emission angleneas-

put into the molybdenum evaporation boat by bending itred from the sample surface normal. The light emitted

into a suitable length. Before evaporation, the glageom the tip—sample gap in the direction@ivas collected

substrates were preannealed at°45@r several hours in by a lens with a focal length= 70 mm and was focused
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Figure 2. Schematic of experimental set-up for STM-LE

measurements in the prism-coupled geometry. ¢ 1 um > < T pm ’

Figure 3. AFM images of § 40-nm-thick gold films evapo-
rated at 25C (room temperature) and)(on the preannealed
by a lens withf = 150 mm onto the entrance surface 0f450°C) glass substrates at°Z5 (c) 100°C and ¢) 200°C.
the optical fibre with a core diameter of 1 nm. The light
was then guided by the optical fibre to the spectroscopic
system consisting of a spectrograph and a liquid-nitrogen~,, . .
cooled charge-coupled device (CCD). The experimentaFNI image of figure 3b was found to 40 nm and the

spectra were taken for STM biasing conditions of 2.5 \gram height was e_s;tl_mated to be around 5 nm. Hence, the
verage characteristic of an evaporated Au film at room

a_nd 2nA with an exposure time of 5.00 s. The darf(emperature has been obtained. Figure 4 shows the dielec-
signals were subtracted from each experimental spectr

. . . Ufie constants of the evaporated Au thin film as a function

All the experiments were carried out in air. e

of photon energy; figure 4a shows the real part and
figure 4b shows the imaginary part of dielectric constant.
3. Results and discussion The red line represents the experimental value and the

blue line indicates the literature value. The work and
Figure 3 shows the AFM images of 40-nm-thick goldlielectric functions were obtained from the literattfré’ It
films evaporated (a) at room temperature’(@5and on the is found from figure 4 that the real part of the dielectric
preannealed (48C) glass substrates at the evaporationonstant of the evaporated gold film is almost agreed
temperatures of (b) 2&, (c) 100C and (d) 200C, with the literature value. Although the result has been
respectively. It is clear from figure 3a and b that thderived by using Kramers—Kroning relations from the
relatively smooth surfaces we formed when the Au real part of the dielectric functions of the gold film, there
films were evaporated omhe preannealed glass sub-s a slight deviation in the imaginary part of the dielectric
strates. This indicates that the surface cleanlinesenstant. Here, it ibelieved that the error was originated
obviously affects the growth process of the Au films. It ifrom the fact that the range of the measurement frequency
also observed from figure 3b—d that the flatness and ala@s narrower in this experime Hence, it is concluded
the discontinuity among the individual grains of the golthat the dielectric constant of the evaporated gold film
surfaces were increased when the glass substrates warewed the value as expected for the bulk gold film;
kept at higher temperatures during the deposition of thmoreover, the thickness of the gold film was estimated to
Au films. be 40 nm by ellipsometry.

The morphology of the prepared Au substrate was In order to clarify the experimental data, the STM-LE
checked by AFM. The film thickness and the dielectrispectra in the prism-coupled geometry were calculated
constants of the Au layer were determined by ellipsometrallowed by a previously reported theoretical treatntént.
The typical surface-grain diameter as estimated from the this theoretical calculation, we have used the following
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equation, which is necessary to discuss the light emissiba 1.51 for BK7 glass. The tunneling current and the bias
mechanism. voltage were fixed at 2 nA and 2.5V, respectively. In this
6 study, the parameter values were kept same both for the
| = 0’3 5C0§90 Z £26,:PF )P, (@), (1) theoretical calculgtlons and also for the _experlmental
64r°c LoXY,2 measurements. Figure 5 shows the theoretical calculated
results of the light emission from the glass—gold inter-
wherel is the radiation intensityc the speed of light, face. For this theoretical calculation, a three-layer struc-
PA®) the dipole, the dipole has only the surface normalire which is consisted of vacuum—Au film with a 40-nm-
component due to the geometrical symmetry. The sumthick-BK7 prism with the light detection angle of 43
mation is taken over the surface parallel componenys \ere used. The dielectric function of BK7 was calculated
and the surface normal component, is the observation at each frequency using the dispersion formula for this
angle measured from the surface nornsgl,the electro- glass. The light emission intensity ratio as a function of
magnetic Green’s function matrix. The details of thi%hoton energy is shown in figure 5a. From figure 5, it is
calculations are described in ref. 18. clear that the intensity of the emitted photon is 10-100
In this numerical calculation, the sample and tip mateéimes enhanced at the prism-coupled STM junction than
rials were assumed to be Au and W, respectively. ThRat of a usual STM junction. The intensity of the emitted
thickness of the Au film was set at 40 nm and the dighoton as a function of Au film thickness is also shown
tanced between the tip-front and the sample surface wag figure 5b. From this theoretical calculated result (fig-
assumed to be 1 nm. The radius of the curvature of thee 5b), it is noticed that the light emission intensity is
tip-front a was set at 100 nm. The work and dielectrignostly enhanced when the Au film has a thickness of
functions for these media were obtained from the litera-

ture! '’ The refractive index of the prism is taken to : :
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of photon energy.h) The ratio was obtained by dividing the
Figure 4. Dielectric constants othe evaporated Au thin intensity of prism-coupled STM-LE by that of normal STM-LE
film as a function of photon energya)(real part Ref) and and plots of the light emission intensity against the Au film
(b) imaginary part Imf)of dielectric constant. thickness.
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SPPs radiative by employing the prism-coupled (Kret-

(@) =105 Tip-side schmann) geometry to elimate the wave vector mis-
V/y match?! As the light propagating in the glass has a wave
20} vector whose magnitude is larger than that of SPPs local-
@7& ized at the metal-air interface, its wave vector component

| parallel to the interface can be matched to that of SPPs by
adjusting the propagation angle of the light; hence, SPPs
become radiative with the adjusted angle on the prism

side. Hence, the spectral peak energies determined from
” MI'I‘II" "MIH'!HM MI figure 6a and b revealed that the tip-side emission is radi-
0

ated by LSPs, and the prism-side emission is dominantly

1 (b) 0=43 Prism-side radiated by SPPs. Thus, the experimental finding that the
20 ' 9 prism-side emission is much stronger than the tip-side
@/ emission is indeed due to the geometry that makes SPPs
radiative.

Light emission intensity (arb. units)

4. Conclusions

h In order to investigate the STM-LE in the tip—sample gap
T L region, gold films on glass substrates were evaporated in
L 1.5 2 25 30 the vacuum evaporation system. AFM was used to probe

Photon energy (eV) the morphology of the evaporated Au films. AFM obser-

vation showed that the morphology of gold films strongly

Figure 6. Experimental STM-LE spectra of the bare Au film.depends on the cleanlinesstbé glass substrates and the

Results for emission angles &) (105 (tip-side emission) and " :
(b) 43 (prism-side emission), respectively. The directionsdeposr[Ion temperature. Comparatively smooth surface

corresponding to these angles are depicted as arrows in W@S observed when a 40-nm-thick Au film was evapo-
insets. rated on a preannealed glass substrate at room tempera-

ture. Our theoretical calculation also showed that the
light emission from the prism-coupled STM junction is
40 nm. Therefore, it is concluded that the 40-nm-thicktrongly enhanced when the Au film has a thickness of
gold film provides the most enhancement of light emis40 nm. After preparation, the evaporated Au films were
sion from the prism-coupled STM-LE. deposited on the flat bottom of a hemispherical glass
After preparation and characterization of Au film, theprism; and the STM light emission from the tip-side and
film was deposited onto the flat bottom of a hemispherinto the prism were measured. From the experimental
cal prism, and the STM-LEs from the tip—sample gap int@sult, it was found that the prism-side emission is much
the vacuum (tip-side emission) and into the prism (prisnstronger than the tip-side ersisn because the prism-side
side emission) were measured. emission is dominantly radiated by SPPs but not by LSPs.
Figure 6a and b shows the experimental STM-LE
spect_ra of t_he_bare Au film_for e_missior_1 a_ngles Ofolo‘r’Acknowledgements
(tip-side emission) and 43prism-side emission), respec-

tively. The directions corresponding to these angles aggyrt of this work was carried out in the Nano-Photo-
depicted as arrows in the insets. Despite the fact that blfactronics Laboratory, Tohoku University, Japan, and
emissions are excited by the samectron tunneling, was supported in part by the Tohoku University Electro-
notable differences in total intensity (i.e., photon-energgejated Departments Global COE Program. We would
integrated intensity) and spectral peak position are Ofie to thank Mr. Tomonori Sanbongi and Wataru lida for
served; the total intensity ratio of the tip-side emissioghejr cooperation and technical assistance.

(figure 6a) to the prism-side emission (figure 6b) is ap-

proximately 1: 8, and their spectral peaks are positione
at 1.8 and 2.0 eV, respectively. It is known that the ST

LE from metallic sample is radiated by LSPs excited byl. Pinsker Z G 195Zlectron diffraction (London: Butter-
tunneling electront’ Although SPPs are simultaneously worths Scientific Publications) p 258

excited®® they scarcely contribute to the signals in thes | innik Vv 1929 Nature 123604

conventional STM-LE measurentendue to the existence 3. Briick L 1936Ann. Phys. Leipzig 26 233

of a wave vector mismatch between SPPs and light propd@- Riidiger O 1937Ann. Phys. Leipzig 30 505

gating in the vacuum. This mismatch prevents coupling. Buchholz S, Fuchs H and Rabe J P 199ac. Sci. Technol.

between them on flat surfac®slin this study, we made B 9857
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