
PHYSICAL REVIEW B 69, 155427 ~2004!
Time-domain measurements of surface plasmon polaritons in the terahertz frequency range
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We present time domain measurements of surface-plasmon polaritons~SPP’s! at terahertz~THz! frequencies.
SPP’s are generated by coupling THz radiation into dielectric films deposited on flat gold surfaces. In this way
we are able to perform very sensitive and broadband THz measurements of thin dielectric films, demonstrating
the capabilities of SPP’s for Thz thin film spectroscopy. By varying the thickness of these films we observe
drastic changes in the field distribution of the SPP’s.
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Surface plasmon polaritons~SPP’s! at metal-dielectric in-
terfaces have proven to be a reliable technique for the in
tigation of thin films, allowing to derive properties such
optical and dielectric constants, film thickness, and inhom
geneities at interfaces with high precision~for an overview
see Ref. 1!. Additionally, it has been discovered recently th
SPP’s play a crucial role in the extraordinary high transm
sion of light through arrays of sub-wavelength holes2,3

Thanks to SPP’s light can be concentrated and contro
over length scales much smaller than the wavelength. A
result, a new and promising research field known as p
monics has emerged, one of its primary goals being the
rication of nanoscale photonic circuits.4

With the development of short-pulse lasers terahe
~THz! spectroscopy has opened up an interesting but ha
accessible spectral window where a large variety of ga
liquids, and solids show specific resonances. THz appl
tions range from studies of coherent excitations in semic
ductor heterostructures to medical diagnostics and th
dimensional imaging systems for monitoring industr
processes.5,6 Key biological constituents such as proteins,
bonucleic acids, and deoxyribonucleic acids have resona
at THz frequencies,7–10 which makes THz radiation of kee
interest for direct and simple biosensing. The latter of
involves the analysis of typically very thin biomolecul
films. Surface plasmon polariton~SPP! spectroscopy at THz
frequencies has a large potential for biosensing applicati
providing high electromagnetic field strengths in the film
together with long interaction lengths.1 In spite of these im-
portant advantages almost no work has been done so fa
SPP’s in the THz frequency range.11

In this paper we present the first time-domain THz stu
of SPP’s on metal surfaces and metals covered with die
tric films. The broadband character of our THz setup allo
us to obtain information over a wide range of frequenc
between 0.2 and 2 THz in a single measurement. As we
show, small changes on the film thickness relative to the T
wavelength lead to drastic modifications on the SPP’s fi
distribution and spectrum. These modifications demonst
the capabilities of terahertz SPP’s for sensitive spectrosc
of thin films.

Figure 1~a! illustrates the field geometry used for excitin
SPP’s. A semi-infinite dielectric and a semi-infinite me
define an interface atz50. A p-polarized electromagneti
wave incident from the (y,z) plane is coupled into a surfac
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evanescent wave traveling in they direction along the inter-
face and decaying exponentially into both media. The m
netic field of the SPP’s in the dielectric has the for
H(y,z,t)5exp(iky2ivt)Ue(z)ex with the envelope function12

Ue~z!5A1e2b1z, z.0 ~1!

where

b5Ak22«dv
2/c0

2 ~2!

is the SPP decay constant normal to the interface into
dielectric,k is the SPP wave vector,v is the SPP frequency
c0 is the vacuum speed of light, and«d is the permittivity of
the dielectric which is given by the complex quantity«d

5«d81 i«d9 . The decay lengthL of the SPP’s into the dielec
tric is given by

FIG. 1. ~a! Schematic of the SPP’s incoupling geometry. A
electromagnetic wave~wave vectorkinc) is incident at a anglef
567° onto the interfacez50 defined by medium 1~dielectric! and
medium 2~metal!. The electric-field vectorEinc lies in the plane of
incidence, whereasH inc is along x direction!. ~b! Experimental
setup~not to scale! used for exciting SPP’s on a gold film of 300 nm
thickness covered with a dielectric film of thicknessd. The incom-
ing THz beam is focused on the incoupling apertureh1 which is
defined by razor bladeK1 and the surface of the dielectric. Th
THz spot diameter at the focus is approximately 1 mm. The SP
travel along the sample interface until scattered at the outcoup
apertureh2. The incoupling and outcoupling aperturesh1 and h2

can be individually varied from 0 to 10 mm by changing the heig
of K1 andK2, respectively. The distanceDy betweenK1 andK2
defines the SPP’s longitudinal propagation distance.
©2004 The American Physical Society27-1
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L51/Re~b!. ~3!

Further, the boundary conditions atz50 yield the SPP dis-
persion relation1

k~v!5v/c0A«m«d /~«m1«d!, ~4!

where«m denotes the complex permittivity of the metal. Th
electric fieldE(y,z,t) of the SPP’s can be straightforward
derived fromH(y,z,t). In our experiments the metal is gol
and the semi-infinite dielectric is air.

For a dielectric film of thicknessd on top of the metal
additional boundary conditions apply atz5d and the situa-
tion is somewhat more complicated. However, the SPP’s
decay exponentially into both air and metal while carrying
certain amount of electromagnetic energy through the film13

The decay lengthL in air increases approximately with th
square of the wavelength, i.e.,L}l2, and with the inverse of
the thickness of the dielectric film on top of the metal, i.
L}d21.13 Therefore, shorter wavelengths are better confin
close to the surface than longer wavelengths. For thic
films this confinement becomes even stronger. As shown
low, we have proven these dependencies at THz frequen
Further, the decay lengthL in air also depends on the diele
tric properties of the film,13 which allows to perform accurat
terahertz SPP spectroscopy.

Our experiments are based on a standard THz ti
domain spectroscopy setup.14,15 In such a setup a train o
pulses with a duration of 150 fs from Ti:sapphire laser is s
into two beams. One of these beams constitutes the ex
tion beam while the other is the probe beam. The excita
pulses are used to optically generate coherent broadb
THz radiation from an InGaAs surface field emitter16 and the
probe pulses gate a photoconductive antenna as receiv17

By varying the time delay between the two pulse trains,
THz pulse amplitude can be detected as a function of t
with sub-picosecond resolution.

Because the dispersion relations of electromagnetic wa
and SPP’s do not match forkÞ0 @see Eq.~4!#, it is impos-
sible to excite surface plasmons directly by simply illumin
ing a metal surface. The standard setup was modified to
low the coupling of the free propagating THz radiation in
SPP’s and to couple out SPP’s into THz radiation after th
had propagated a variable distance on the sample. An a
ture excitation technique18 was used for the coupling. Thi
technique has the important advantage that it allows bro
band coupling. Figure 1~b! illustrates the SPP coupling se
tion of our experimental setup, including SPP incouplin
SPP propagation along the metal surface, and SPP out
pling. THz radiation incident at an angle of 67° with respe
to the sample normal is focused to a small gap defined by
edge of a razor blade~denoted byK1) and the sample sur
face. This blade is at a distanceh1 ~denoting the incoupling
height! from the sample. This geometry leads to scattering
the incident radiation and the generation of evanesc
waves comprising a continuum of wave vectors. As a con
quence, the dispersion relations of a fraction of the incid
THz radiation and the SPP’s match, i.e., coupling becom
possible. The outcoupling is performed by another ra
15542
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bladeK2 placed at heighth2 above the sample surface. Th
outcoupled THz radiation is then guided to the detection
tenna.

For the experiments we use three different samples: a g
surface, a gold surface covered with a dielectric film of c
clotene with a thicknessd53.8 mm, and a gold surface with
a film of d59 mm of the same dielectric. The films wer
deposited by spin coating onto the gold surfaces. The g
surfaces were fabricated by evaporating 300 nm of gold o
silicon wafers.

Figure 2~a! presents THz time-domain transients of SPP
propagating 18.0 mm on the gold surface covered with
d53.8 mm thick cyclotene layer. The incoupling heighth1
above the sample surface remains constant at 300mm for all
measurements. The different transients in the figure co
spond to different outcoupling heightsh2, varied from h2
.0 ~almost touching the surface! to 1500mm. For clarity, a
vertical offset is introduced in the data of Fig. 2~a!. As the
outcoupling height is increased the SPP signal increa
reaching a maximum ath2.300 mm. This height corre-
sponds to the optimum coupling efficiency. As the height
further increased the signal decreases as result of the d
of the SPP’s in air and the decrease of the coupl
efficiency.19 Note that even whenK2 touches the surface o
the sample, i.e.,h2.0, a signal is observed. This might b
attributed to the finite aperture defined by cyclotene la
and to small misalignments of the knife. As can be appre
ated in Fig. 2~a! the pulse broadens ash2 increases. As it is
shown below, this broadening is due to a spectral narrow
resulting from the strong frequency dependence of the S
decay constant into air.

To further analyze the THz time-domain transients
calculate their Fourier transform. The Fourier spectrumA(n)
of the largest signal of Fig. 2~a!, whereh15h25300 mm, is
shown in Fig. 2~b!. The spectrum extends up to.2 THz,

FIG. 2. ~a! THz time-domain transients of SPP’s having prop
gated 18 mm along a gold film covered with a 3.8mm thick dielec-
tric film of cyclotene for different outcoupling heightsh2. The in-
coupling height~the distance of the incoupler from the samp
surface! is kept constant at 300mm. The transients are offset ver
tically for clarity. ~b! Spectrum obtained by Fourier transformin
the time domain signal forh25300 mm.
7-2
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illustrating the high bandwidth achieved for the excitati
and detection of SPP’s. The spectra are integrated ov
finite frequency interval@0.2, 2 THz# to obtain the Fourier
integral FI5*n1

n2A(n)dn of the field amplitude in the spectra

region were the majority of the THz energy is contained. T
FI is a direct measure for the electromagnetic energy wh
is coupled out and detected.

Figure 3 shows the FI versus the outcoupling height
the bare gold surface~circles!, the gold surface with the
3.8 mm thick cyclotene film~gray squares!, and the gold
surface with the 9mm thick cyclotene film~black triangles!.
In all casesK1 is kept 300mm above the sample surface
achieve maximum incoupling efficiency. The data in Fig
are normalized to their respective maximum values. T
strong increase of the FI for smallh2 is due to the increase o
the coupling efficiency. For all three samples the maxima
reached ath2.300 mm. For larger aperture sizes the FI d
creases. This decrease is stronger when the thickness o
dielectric filmd is larger, indicating that asd becomes larger
the SPP is more strongly confined to the interface.

The values of the FI’s in Fig. 3 have to be interpreted
the product of the coupling efficiency with the spatial dist
bution of the SPP’s. The coupling efficiency dependence
the aperture sizeh2 is not knowna priori, which hampers the
determination of the SPP decay length from the experime
To overcome this limitation we note that for a bare go
surface and at THz frequencies the SPP air decay leng
larger than 16 mm. This decay length can be calculated w
Eqs. ~2!, ~4!, and ~3!, and the permittivity of gold at THz
frequencies@«m8 528.63104, «m9 56.233105 at 1 THz~Ref.
20!#; and it is larger by at least a factor of 10 than the dec
distance of.1.4 mm obtained from the measurements in
range 300mm,h2,1500mm. Hence, the circles in Fig. 3
represent to a good approximation the dependence of
coupling efficiency onh2. Assuming that this coupling effi
ciency is the same for the three samples, the difference
the FI’s of Fig. 3 are solely due to the spatial distribution
the SPP’s. This assumption is justified by the fact that
scattering properties of the surface-knife aperture are not

FIG. 3. Fourier integral in the spectral range 0.2–2 THz of
SPP’s time-domain transients plotted versus the outcoupling he
The circles correspond to SPP’s propagating 18 mm on a bare
surface. The gray squares belong to SPP’s on a gold surface co
with a 3.8mm thick cyclotene film, and the black triangles to SPP
on a gold surface with a 9mm thick cyclotene film. All curves are
normalized with respect to their maximum values.
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radiation wavelength and aperture size.19

Figure 4 depicts the surface plasmon polariton FI’s af
dividing out the coupling efficiency. The gray squares cor
spond to the gold surface with the 3.8mm thick cyclotene
film on top and the black triangles to the sample with t
9 mm thick cyclotene film. The experimental values for th
SPP decay lengthsLexp can be derived by fitting the data o
Fig. 4 with the function exp(2z/Lexp). These fits, shown with
solid lines in the figure, yieldLexp52.760.6 mm for the
sample with the 3.8mm thick layer and 0.860.1 mm for the
one with the 9.0mm film. It is important to notice thatLexp
represent broadband values~weighted over the broad spec
trum of the THz pulses used!. For a comparison with the
theoretical values of the decay lengths, the latter have to
calculated for specific frequencies and also weighted over
THz frequency spectrum. This procedure leads to the va
L theo52.14 mm and 0.92 mm, respectively. Within our e
perimental accuracy we find a very good agreement betw
the measured and calculated values of the SPP decay le
in air. The respective values ofLexp andL theoare summarized
in Table I.

Information about the frequency dependence of the SP
decay length can be obtained from the analysis of the sp
tra. In Fig. 5 we show the SPP’s spectra of the 9mm cyclo-
tene sample for different outcoupling heightsh2, while h1 is
kept constant at 300mm. For increasing outcoupling height
h2 we observe a decrease in amplitude in the high-freque
part of the THz spectra. This decrease is due to the freque
dependence of the SPP decay length into air, i.e., high
quencies are confined closer to the sample surface and d
contribute to the signal for largeh2. The spectral narrowing

ht.
ld
red

FIG. 4. Surface plasmon polariton field amplitude in air as
function of the height to the sample surface. The gray squares
respond to a gold surface covered with a film of cyclotene
3.8 mm thickness while the black triangles were measured o
gold surface with a 9mm thick cyclotene film. The solid lines
represent exponential fits to the data.

TABLE I. Dielectric film thicknessd, experimental value of
SPP’s decay length in air,Lexp, and the theoretical value of thi
decay length,Lw .

d(mm) Lexp ~mm! Lw ~mm!

3.8 2.760.6 2.14
9.0 0.860.1 0.92
7-3
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as a function ofh2 leads to the mentioned pulse broadeni
of Fig. 2~a!. This narrowing can be quantified in terms of th
upper cutoff frequencync , i.e., the frequency at which th
spectra decrease to half their maximum amplitude. The
off frequency is represented in Fig. 5 by the dashed line
in Fig. 6. The data of Fig. 6 correspond to SPP’s propaga
on the gold surface~open circles!, on the gold surface cov
ered with 3.8mm ~gray squares! and 9mm ~black triangles!
thick cyclotene film. As can be appreciated in the figure,
cutoff frequency decreases ash2 increases, and for a fixedh2
above.500 mm the cutoff frequency is lower as the thick
ness of the cyclotene film increases; in other words h
frequencies penetrate less into air than low frequencies
the confinement of the SPP to the surface is better when
thickness of dielectric film is larger.

In conclusion, in this paper we have demonstrated T
time-domain excitation of SPP’s. In particular, we have m
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