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Opto-electronic versus electro-optic modulation
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We present a nonlinear modulation scheme based on coupling between optically excited surface
plasmons in a thin gold film and the heating of the film by a pulsed direct current, and also for the
reverse process. The reflected surface-plasmon excitation beam is shown to undergo a spatial
deformation as a function of a pulsed current through the foil. Similarly, the current through the thin
film is modulated by the action of periodic excitation of surface plasmons using infrared photons.
© 2004 American Institute of Physid®©OI: 10.1063/1.1804232

The transfer of information by modulating a carrier of a by photons, the most widely used being the Kretschmann
given form of energy may involve modulation via either the configuration This configuration has provided many ana-
same form of energy or a quite different form. In the latterlytical applications as well as basic studies of a range of
case, it is sometimes advantageous to induce modulation surface phenomena. In the experiments described below, we
an effect that has a reciprocal. In this event, the form ofuse the Kretschmann configuration for modulation studies.
energy used for modulation can be replaced with the forniThis arrangement is shown to provide a simple method of
used for the carrier and that of the carrier can be replacethodulating electrical current by photofjs— c) or inversely
with that of the modulator. While the efficiency of the com- to provide modulation of a beam of photons by electrical
munication system might be different after such an ex-current(c— p). The results are somewhat surprising in that
change, the results may be adequate, but the greatest advaite broad exploitation of surface plasmons has not previ-
tage typically occurs when the efficiency is not severelyously produced evidence of this interesting set of results. The
altered. For example, electronic modulation of an electroeffects could be applied to studies of the contribution of sur-
magnetic wave is the reciprocal of the modulation of elecface plasmons to the resistance of thin wires. For example, if
tronic signals by the wave as it is converted by a receivinga constant potential difference is maintained across a wire,
antenna. In this letter we discuss a modulation method inhen its resistance can vary with surface-plasmon excitation
which four different forms of energy are involved. In particu- as a result of the plasmon-current coupling.
lar, we present the results of experiments that utilize photons, Our experimental arrangement is displayed schemati-
surface plasmons, phonons, and electrical current. We showeally in Fig. 1. Using a mask, two thick chromium film pads
that excitation of surface plasmons in thin gold wires by aare vacuum evaporated onto a quartz substrate, after which,
pulsed beam of photons produces modulation of electricalising a second mask, a thin gold film is evaporated to form
current in the wires and that modulation of the current can imarrow lines. The pads are connected to external electronics
turn produce a modulated beam of photons. The thermal eto facilitate a steady or pulsed current flow. Thus, electron
fects of surface plasmons are central to the process. Howlow in thep— ¢ (c— p) process is induced by maintaining a
ever, the energies are well below those required for an ineonstant (oscillating potential difference at two mirror
duced phase change such as may be encountered in the wejbints on the foil boundary. In order to observe ihe:p
known photothermal phenomena. As a result, the surfaceprocess, Fig. (), the \=442-nm line of a helium-cadmium
plasmon—phonon process can provide much more rapitHeCd laser(Kimmon) is used, while the current is modu-
information transfer. Recently, we reporterinonlinear cou-  ated electronically using a direct current power sup@lyi-
pling scheme that involves several spectrally different surient, software controlled for modulatipnThe p-polarized
face plasmons in an analogous configuration to the one préseam (10 mWj is incident at 60° to stimulate the surface
sented here. However, the basis of the former scheme was @lasmons while a laser beam profi{@eamStar-2000, Ophir
optical modulation of surface plasmons excited at visible an@®ptronicy is used to diagnose and record the reflected
infrared photon energies with no involvement of electricalbeam. During thgp— ¢ process, Fig. (b), the A\=1550-nm
modulation. (<500 mW) line of a continuous wave lasé¢8treamline-RL,

Surface plasmons were discussed by Ritchie in 1957 ispectra-Physigs incident at 46°, is used in combination
connection with energy losses by fast electrons impingingyith a polarization rotator to stimulate the surface plasmons
upon a metal surface® Soon after this, there were a number in the spectrally optimized gold film{29.5 nm thick for
of methods discovered in which surface plasmons are excitefl=1550 nnj. A sensitive infrared detector modullnGaAs,
noncooled-type, matched preamplifier, Hamampgtand an

Iauthor to whom correspondence should be addressed; electronic mailnfrared vieyver(Mic_ronViewer, Electrophysigsare used for
passianan@ornl.gov beam steering, delivery, and surface-plasmon resonance op-
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FIG. 2. Modulation of the surface-plasmon excitation by the action of the
o electron flow through the excitation region, i.e., tbe-p process. The
(@)c P Process profiles shown were recorded irh plane perpendicular to the direction of
Au the propagation of the reflected beams. The line profiles are taken through
/_. .\ the point of maximum intensitya) displays the profile of the reflected
/1—0 s 0\ E excitation beam prior to the current flow. A 4-V potential difference across
/1_. AN ’\ =3 the gold film (which induces the resistivity of the film to be non-Ohinic
4 /_‘ AN ._\ e causes the beam profile to undergo a lateral spatial deformation similar to
= A _.\\ e focusing of the beam, shown {fb), which becomes more pronounced for
2 /_./ E .\ higher voltagegor current$ as shown inc). For higher voltages, the beam
Y5 /1—0— 7-_0\ "_5, scatters and no well-defined boundary can be observed as shaqun for
7} /‘C' _.\ =3 even higher potentials, the beam completely vanishes.
/—./ = .\* .%-.
V. Vv " teractions. Thus, the optical properties of the substrate-film
In Z, 7, \ wRaE system are changed as a result of the current {lBig. 2).
- /// 7y (N Such thermo-optic modifications may be explained in terms
‘// 7 Chopper& of the temperature dependence of the dielectric function of
Reflected ~ ¥ ¥ / the entire system. A theoretical approach which describes the
IR beam +/\=1550 nm coupling is being developed, based on the simultaneous so-
L, To detectionr——" lutions of a system of partial differential equations describing
the propagation of the optical fields, and the conduction of
(b) p — ¢ process heat and current_m the thin gol_d film. The melastl_c scattering
of the electrons in the current in tlee— p process increases

FIG. 1. Schematic diagram of the experimental arrangements. The strughe tem_pt_arature Of_the gc_"d_ film, which _m tur_n a!ters the
tures(with their top view shownreside on a quartz prism substrate as in the cOnductivity of the film. This is further depicted in Fig(c3,
Kretschmann configuration with the beaitshaded circlesentering from  which shows the resistance of the gold foil in the Ohmic and
the substrate sidga) depicts the(c— p) process for modulation of the non-Ohmic reglons For a nominal film resistance of 3:46
reflected surface-plasmon excitation beam by an array of current carryin : -

gold lines of variable potential differenc®/;. The reflected field of a spa- the non-Ohmic region appears C.learly for current values
tially filtered (variable diametersurface-plasmon excitation beam may be above 0.6 A. The beam characteristics appear to be altered
controlled by the action of the selected current carrying gold lines. Thefor potential differences approximately at 4[see Fig. 2b)],
reverse procesgp— c) is illustrated in(b), where an amplitude modulated \which as can be confirmed from Fig(a®, is where the non-
p-polarized infrared beam excites the surface plasmons, which in turn inOhmiC behavior commences, i.e., a resistance Change oceurs.

duce modulation in the current carrying gold lines. The beam may b . . L . . .
scanned in any chosen manner. A common feature of both progessess FThe beam distortion is hlgheEFlg. 2(d)] in the hlgher non-

the feasibility of multiple wavelength excitation and/or modulation. Ohmic region(where departure from 3.44 is larges}. This
is currently being investigated in our model in terms of the

temperature dependence of a Drude dielectric function of the
timization. Lock-in detection is used to measure the modugold film. A number of studies, related to electrical and ther-
lation amplitude in both cases. mal conductivities, have been reported for thin gold films on

The results are shown in Fig. 2 for tle—p process. dielectric substrates or embedded in multilayer structtires.

The resonance conditions of the surface plasmons are altered Alternatively, in thep— c process, the loss of surface-
due to the action of the electron flow modifying the dielectric plasmon energy to phonons results in a temperature rise in
function of the metal, resulting in a spatial variation of thethe foil, which modifies the conductivity of the foil and thus
beam in the form of an initial focusing for lower potential induces a measurable change in the current through the foil.
differences, Figs. @) and Zc), and a subsequent expansion To measure this change, a relatively simple electronic circuit
for higher differences, Fig.(d). The temperature-dependent which incorporates the foil as a passive element is used. By
part of the resistance of a metal film may have several conpulsing the incident infrared surface plasmon excitation

tributions, such as electron-electron and electron-phonon irbeam by the use of a mechanical chopper, and monitoring the
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10 ; detection limit can be improved by the choice of an appro-
priate foil material, and with improved electronics.
e B46l /f In conclusion, we have investigated the interaction be-
* g5 tween coherent electronic fluctuations and noncoherent elec-
L tron flow in a thin foil by presenting the results of coupling
between optically excited surface plasmons and a current in a
24 (@) L thin gold film. The interaction, presented as a nonlinear
l coupling, opens the possibilities of opto-electronic and
02 04 06 m] 10 12 14 16 electro-optic modulation schemes. We have shown that this
coupling can be sustained in a broad spectral range appropri-
ate for the operation of many photonic applications. Based
on the results presented here, it is conceivable that by vary-
L;’::dﬂ:(;n;mhm., .......... - ing the frequ_ency, amplitude_, ar_ld w_avgform of the cyrrent
through the film, or the polarization, incidence angle, inten-
sity, and wavelength of the surface-plasmon excitation beam,
a communication or information transfer scheme can be
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