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Time-domain measurements of surface plasmon polaritons in the terahertz frequency range
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We present time domain measurements of surface-plasmon pold@BRS at terahertZTHz) 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.

DOI: 10.1103/PhysRevB.69.155427 PACS nuni®er73.20.Mf, 77.55+f, 78.20—e

Surface plasmon polaritodSPP’s at metal-dielectric in- evanescent wave traveling in tlyedirection along the inter-
terfaces have proven to be a reliable technique for the invedace and decaying exponentially into both media. The mag-
tigation of thin films, allowing to derive properties such asnetic field of the SPP’s in the dielectric has the form
optical and dielectric constants, film thickness, and inhomoH(Y,z,t) = exp(ky—iwt)U«(2)e, with the envelope functior
geneities at interfaces with high precisi@ior an overview
see Ref. L Additionally, it has been discovered recently that Ug(z)=Ae A% z>0 (1)
SPP’s play a crucial role in the extraordinary high transmis-
sion of light through arrays of sub-wavelength holds. Wwhere
Thanks to SPP’s light can be concentrated and controlled
over length scales much smaller than the wavelength. As a B=k?—gqw?/ch 2
result, a new and promising research field known as plas-
monics has emerged, one of its primary goals being the fabds the SPP decay constant normal to the interface into the
rication of nanoscale photonic circufts. dielectric,k is the SPP wave vectog is the SPP frequency,

Wwith the development of short-pulse lasers terahertz, is the vacuum speed of light, arg is the permittivity of
(THz) spectroscopy has opened up an interesting but hardithe dielectric which is given by the complex quantiy
accessible spectral window where a large variety of gasess e +iej. The decay length of the SPP’s into the dielec-
liquids, and solids show specific resonances. THz applicatric is given by
tions range from studies of coherent excitations in semicon-

ductor heterostructures to medical diagnostics and three- (a) z
dimensional imaging systems for monitoring industrial . E,

processes3?® Key biological constituents such as proteins, ri- >k/5/

bonucleic acids, and deoxyribonucleic acids have resonances medum1 9>~ H,

at THz frequencie$; *° which makes THz radiation of keen modium 2 0
interest for direct and simple biosensing. The latter often y x
involves the analysis of typically very thin biomolecular

films. Surface plasmon polaritdi$PP spectroscopy at THz ®) Ay

frequencies has a large potential for biosensing applications, K2 K1

providing high electromagnetic field strengths in the films %\ s M\(
together with long interaction lengthdn spite of these im- TT— Ny, J e "vacuum
portant advantages almost no work has been done so far on a4 i == giﬁ{i"%rﬁﬁh“

SPP’s in the THz frequency rande. ] . _
In this paper we present the first time-domain THz study  F'C- 1. (8 Schematic of the SPP’s incoupling geometry. An
of SPP’s on metal surfaces and metals covered with dielec/ectromagnetic wavéwave vectork,) is incident at a anglep

tric films. The broadband character of our THz setup allows_©/~ ©nto the interface=0 defined by medium fdielectrig and

us to obtain information over a wide range of frequencies” €™ 2(mehta). The el_ectnlc-ﬂeld VECtoEiy lies in the plane Olf
between 0.2 and 2 THz in a single measurement. As we Wi"nudence, whereasdiy, IS along x direction). (b) E).(pe”mema

h '” h the film thick lati .t the TH Setup(not to scal¢ used for exciting SPP’s on a gold film of 300 nm
show, smail changes on the Tiim thickness relatve to ,e . ickness covered with a dielectric film of thickneksThe incom-
vyav&_—zlen_gth lead to drastic m0d|f|cat|0n_s on the SPP's fiel ng THz beam is focused on the incoupling aperthgewhich is
distribution and spectrum. These modifications demonstratgeﬁned by razor blad&1 and the surface of the dielectric. The

the capabilities of terahertz SPP's for sensitive spectroscopypz spot diameter at the focus is approximately 1 mm. The SPP’s
of thin films. travel along the sample interface until scattered at the outcoupling

Figure 1) illustrates the field geometry used for exciting apertureh,. The incoupling and outcoupling aperturies and h,
SPP’s. A semi-infinite dielectric and a semi-infinite metal can be individually varied from 0 to 10 mm by changing the height

define an interface at=0. A p-polarized electromagnetic of K1 andK2, respectively. The distanaey betweenk1 andK?2
wave incident from they(,z) plane is coupled into a surface defines the SPP’s longitudinal propagation distance.
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L=1/R . 3 ~0.4[@_ h20 pm
&pB) () ;2; A
Further, the boundary conditions 20 yield the SPP dis- %0'2_ %
persion relatioh S TN
=01+ 1000
2 | TR
k(w)=wlcogVemegl(emtey), (4) < > 5 3
. Time (ps)
whereeg,, denotes the complex permittivity of the metal. The )
electric fieldE(y,z,t) of the SPP’s can be straightforwardly §10°-
derived fromH(y,z,t). In our experiments the metal is gold s .
and the semi-infinite dielectric is air. S10
For a dielectric film of thicknessl on top of the metal 3 .,
e " ; 210
additional boundary conditions apply atd and the situa- g
tion is somewhat more complicated. However, the SPP’s still 510.3 e
decay exponentially into both air and metal while carrying a 0 05 10 15 20 25 3.0
certain amount of electromagnetic energy through the ffim. Frequency (THz)

The decay length. in air increases approximately with the . . . , )
square of)t/he V\?avelength g2 an%pwith the ir)1/verse of _ FIG. 2 (3 THz time-domain transients of SPP's having propa-
the thickness of the diele,ctric, filrﬁ on top of the metal, i.e gated 18 mm along a gold film covered with a 8 thick dielec-

113 . ic film of cyclotene for different outcoupling heights,. The in-
Locd™".™ Therefore, shorter wavelengths are better Confme(iroupling height(the distance of the incoupler from the sample

9'033 t(,) the §urface than longer wavelengths. For thiCkeéurface is kept constant at 30@m. The transients are offset ver-
films this confinement becomes even stronger. As shown b&cayly for clarity. (b) Spectrum obtained by Fourier transforming

low, we have proven these dependencies at THz frequenciege time domain signal fon,=300 xm.
Further, the decay lengthin air also depends on the dielec-
tric properties of the filnt2 which allows to perform accurate bladeK2 placed at heighth, above the sample surface. The
terahertz SPP spectroscopy. outcoupled THz radiation is then guided to the detection an-
Our experiments are based on a standard THz timetenna.
domain spectroscopy settb’® In such a setup a train of For the experiments we use three different samples: a gold
pulses with a duration of 150 fs from Ti:sapphire laser is splitsurface, a gold surface covered with a dielectric film of cy-
into two beams. One of these beams constitutes the excit@lotene with a thicknesd=3.8 um, and a gold surface with
tion beam while the other is the probe beam. The excitatiom film of d=9 um of the same dielectric. The films were
pulses are used to optically generate coherent broadbamteposited by spin coating onto the gold surfaces. The gold
THz radiation from an InGaAs surface field emitfeand the  surfaces were fabricated by evaporating 300 nm of gold onto
probe pulses gate a photoconductive antenna as rec¢éiversilicon wafers.
By varying the time delay between the two pulse trains, the Figure 2a) presents THz time-domain transients of SPP’s
THz pulse amplitude can be detected as a function of timgropagating 18.0 mm on the gold surface covered with the
with sub-picosecond resolution. d=3.8 um thick cyclotene layer. The incoupling heigh
Because the dispersion relations of electromagnetic wavesbove the sample surface remains constant a@d@dor all
and SPP’s do not match fdr# 0 [see Eq.4)], it is impos- measurements. The different transients in the figure corre-
sible to excite surface plasmons directly by simply illuminat-spond to different outcoupling heights,, varied fromh,
ing a metal surface. The standard setup was modified to al=0 (almost touching the surfagéo 1500um. For clarity, a
low the coupling of the free propagating THz radiation into vertical offset is introduced in the data of FigiaR As the
SPP’s and to couple out SPP’s into THz radiation after theyutcoupling height is increased the SPP signal increases,
had propagated a variable distance on the sample. An apaeaching a maximum ah,=300 um. This height corre-
ture excitation techniqd® was used for the coupling. This sponds to the optimum coupling efficiency. As the height is
technique has the important advantage that it allows broadurther increased the signal decreases as result of the decay
band coupling. Figure (b) illustrates the SPP coupling sec- of the SPP’s in air and the decrease of the coupling
tion of our experimental setup, including SPP incoupling,efficiency® Note that even whei 2 touches the surface of
SPP propagation along the metal surface, and SPP outcotihe sample, i.eh,=0, a signal is observed. This might be
pling. THz radiation incident at an angle of 67° with respectattributed to the finite aperture defined by cyclotene layer
to the sample normal is focused to a small gap defined by thand to small misalignments of the knife. As can be appreci-
edge of a razor blad&lenoted byK1) and the sample sur- ated in Fig. 2a) the pulse broadens &s increases. As it is
face. This blade is at a distanbg (denoting the incoupling shown below, this broadening is due to a spectral narrowing,
heigh} from the sample. This geometry leads to scattering ofesulting from the strong frequency dependence of the SPP
the incident radiation and the generation of evanescerdecay constant into air.
waves comprising a continuum of wave vectors. As a conse- To further analyze the THz time-domain transients we
guence, the dispersion relations of a fraction of the incidentalculate their Fourier transform. The Fourier spectiim)
THz radiation and the SPP’s match, i.e., coupling becomesf the largest signal of Fig.(2), whereh;=h,=300 um, is
possible. The outcoupling is performed by another razoshown in Fig. 2b). The spectrum extends up te2 THz,
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FIG. 3. Fourier integral in the spectral range 0.2—2 THz of the FIG. 4. Surface plasmon polariton field amplitude in air as a
SPP’s time-domain transients plotted versus the outcoupling heighfunction of the height to the sample surface. The gray squares cor-
The circles correspond to SPP’s propagating 18 mm on a bare gokgspond to a gold surface covered with a film of cyclotene of
surface. The gray squares belong to SPP’s on a gold surface coverdd «m thickness while the black triangles were measured on a
with a 3.8 um thick cyclotene film, and the black triangles to SPP’s 9old surface with a Qum thick cyclotene film. The solid lines
on a gold surface with a &m thick cyclotene film. All curves are represent exponential fits to the data.
normalized with respect to their maximum values.
nificantly modified by a dielectric film much thinner than the
radiation wavelength and aperture stZe.

illustrating the high bandwidth achieved for the excitation Figure 4 depicts the surface plasmon polariton Fl's after

and detection of SPP's. The spectra are integrated over g iging out the coupling efficiency. The gray squares corre-
finite frequency interva[0.2, 2 THZ to obtain the Fourier spond to the gold surface with the 3.8n thick cyclotene
integral Fhf:iA(V)dV of the field amplitude in the spectral film on top and the black triangles to the sample with the

region were the majority of the THz energy is contained. The9 um thick cyclotene film. The experimental values for the
Fl is a direct measure for the electromagnetic energy whicPPP decay lengthis,,, can be derived by fitting the data of
is coupled out and detected. Fig. 4 with the function expf Z/L.,,). These fits, shown with

Figure 3 shows the FI versus the outcoupling height forSolid lines in the figure, yield.¢,,=2.7+0.6 mm for the
the bare gold surfacécircles, the gold surface with the Sample with the 3.8:m thick layer and 0.80.1 mm for the
3.8 um thick Cyc|0tene f||m(gray Squares and the go|d one with the 9Qum film. It is |mp0rtant to notice thdtexp
surface with the 9um thick cyclotene film(black triangles ~ fepresent broadband valueseighted over the broad spec-

In all casesK1 is kept 300xm above the sample surface to trum of the THz pulses usgdFor a comparison with the
achieve maximum incoupling efficiency. The data in Fig. gtheoretical values 91_‘ the decay lengths, the IaFter have to be
are normalized to their respective maximum values. Th&alculated for specific frequencies and also weighted over the
strong increase of the FI for smél} is due to the increase of THZ frequency spectrum. This procedure leads to the values
the coupling efficiency. For all three samples the maxima aré tec=2-14 mm and 0.92 mm, respectively. Within our ex-
reached ah,~300 um. For larger aperture sizes the Fl de- perimental accuracy we find a very good agreement between
creases. This decrease is stronger when the thickness of tH¢ measured and calculated values of the SPP decay length
dielectric filmd is larger, indicating that as becomes larger i air. The respective values b, andL e, are summarized

the SPP is more strongly confined to the interface. in Table I.

The values of the FI's in Fig. 3 have to be interpreted as Information about the frequency dependence of the SPP's
the product of the coupling efficiency with the spatial distri- décay length can be obtained from the analysis of the spec-
bution of the SPP’s. The coupling efficiency dependence off@. In Fig. 5 we show the SPP’s spectra of the.® cyclo-
the aperture siz, is not knowna priori, which hampers the téne sample for different outcoupling heights while h, is
determination of the SPP decay length from the experiment&ept constant at 30@m. For increasing outcoupling heights
To overcome this limitation we note that for a bare goldhz we observe a decrease in amplitude in the high-frequency
surface and at THz frequencies the SPP air decay length Rart of the THz spectra. This decrease is due to the frequency
larger than 16 mm. This decay length can be calculated witlependence of the SPP decay length into air, i.e., high fre-
Egs. (2), (4), and (3), and the permittivity of gold at THz quencies are confined closer to the sample surface anq do not
frequencie§e/,= —8.6x 10%, £/, =6.23x 10° at 1 THz(Ref. contribute to the signal for large,. The spectral narrowing
20)]; and it is larger by at least a factor of 10 than the decay _ o _ )
distance of=1.4 mm obtained from the measurements in the TABLE I. Dielectric film thicknessd, experimental value of
range 300um<h,<1500 xm. Hence, the circles in Fig. 3 SPP’s decay length in ait,,,, and the theoretical value of this
represent to a good approximation the dependence of tH&Ec lengthl.,.
coupling efficiency orh,. Assuming that this coupling effi-

ciency is the same for the three samples, the differences on d(pm) Lexp (M) L (mm)
the FI's of Fig. 3 are solely due to the spatial distribution of 3.8 2.7:0.6 2.14
the SPP’s. This assumption is justified by the fact that the 9.0 0.8-0.1 0.92

scattering properties of the surface-knife aperture are not sig
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FIG. 5. Fourier SpeCtr&Olid |ine3 for a 300 nm th|Ck gold film FIG. 6. Surface p|asmon po'ariton Cutoff frequews a func-

covered with 9um cyclotene. Every spectrum corresponds to atjon of the outcoupling heighh,. The open circles correspond to
specific outcoupling height,. The incoupler remains at a constant spp’s propagating on a gold surface and the gray squares and the
height of 300um. The spectra are offset vertically for clarity. The p|ack triangles correspond to gold surfaces covered with cyclotene
dashed line marks the upper cutoff frequency for each spectrunyjims of thickness 3.8.m and 9um, respectively.
i.e., the frequency at which the spectrum has decreased to half of its
maximum amplitude. sured the spatial and spectral field distribution of the SPP’s
) ) ~above a gold surface. In the presence of a thin dielectric film
as a function oh, leads to the mentioned pulse broadeninggn top of the metal the SPP field distribution is drastically
of Fig. 2a). This narrowing can be quantified in terms of the gitered, leading to a strong confinement to the surface. An
upper cutoff frequency, i.e., the frequency at which the increase in the dielectric film thickness leads to an even
spectra decrease to half their maximum amplitude. The culstronger confinement of the SPP’s close to the surface. For a
off frequency is represented in Fig. 5 by the dashed line angonstant dielectric film thickness higher frequencies pen-
in Fig. 6. The data of Fig. 6 correspond to SPP’s propagatingtrate less into air than lower frequencies. These measure-
on the gold surfac¢open circle, on the gold surface cov- ments prove the capabilities of SPP’s for THz spectroscopy
ered with 3.8um (gray squargsand 9 um (black triangles  of thin films. Due to the broadband nature and high sensitiv-
thick cyclotene film. As can be appreciated in the figure, thety of this method, it will be of particular interest for the

cutoff frequency decreases agincreases, and for afixéth  sensing of biomolecules with resonant transitions at THz fre-
above=500 um the cutoff frequency is lower as the thick- quencies on metal surfaces.
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