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Terahertz pulse propagation through small apertures
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Transmission of single-cycle terahertz pulses through subwavelength apertures is experimentally
studied in the near-field zone. Measurements of throughput for aperturedsisesmall as\/300

show that the theoretical® law requires a correction term which takes into account the physical
thickness of the aperture screen. Frequency dependent transmission of the broad band pulses
explains changes in their spectral and temporal characteristics. Practical application of small
apertures in near-field microscope probes allows achievement of spatial resolutioproff@r

pulses with a broad spectral contentgt 120—150Qum. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1392303

The near-field imaging technique with an aperture-type(d=50um) lies within the spectral bandwidth of the inci-
probe is one of the methods to achieve high spatial resolutiodent pulse, while the cutoffs of the smaller aperturds (
with free-space propagating teraheffHz) pulses:™Reso- <20um) are significantly above the spectrUffig. 1(c)].
lution of this method is defined by the aperture size. How-We measured the time-domain wave form of the transmitted
ever, weak throughput of an apertudeA\/100 in size limits  THz pulse for every aperture. The incident THz pulse is mea-
its application. Electromagnetic waves also diffract ontosured using a similar setup without the gold screen. Using
small objects, such as apertures, resulting in significanthis information, we can extract transmission coefficients and
changes in the THz pulse wave foff.lt is important to  phase shifts throughout the pulse spectrum.
know for near-field image interpretation how the subwave-  The energy coupled into the aperture decreasebdes
length aperture alters the spectral content and the temporafeases. The theory of transmission through small apertures
characteristics of the incident pulse. in an infinitely thin metallic screen predicts ti€ law for

It was demonstrated recently that the sensitivity of athe electric field amplitude in the limit of>d.° However,
near-field probe is significantly improved if a detecting ele-the thickness of the screen has to be taken into account in the
ment is placed in the near-field zone of the probe apefturecase of real apertures. We approximate the aperture with an
In this letter, we discuss THz pulse transmission through aindersized waveguide model. For a wave with wave vector
subwavelength aperture in the near-field zone. We investigatemaller than the cutoff, there is no propagating solution in-
the theoretical and practical limits of spatial resolution of theside the waveguide. The wave tunnels through the wave-
THz near-field imaging technique by studying the attenuaguide, and the wave amplitude exponentially decreases with
tion of the pulses transmitted through the aperture. The fre-
guency dependent transmission is experimentally measure ' (a) E@1 '(b')
using THz time-domain spectroscopy. We show that the
transmission process alters the pulse temporal wave formn
and spectrum, resulting in various effects such as pulse 0
broadening, compression, time advancement, and a spectri
blueshift. In application to near-field microscopy, we experi-
mentally demonstrate spatial resolution ofiih using pulses ra—— i%lmé(ps;i 6 8 10
with a spectral content of =120—150Qum.

In the experimental setup, the THz pulses are generatet , E@ AN,V
by a transient current in a photoconducting antehiihe i - \ )

THz radiation is collected and focused onto a square-shape’™>* 0 Gads 01
aperture by a system of parabolic mirrors and Si lefiE&s n=3.1 ALO, ootl \w
1(a)]. The aperture is lithographically formed in a 600 nm Mﬂm

thick gold screen on a GaAs surface. Auth layer of GaAs 153 ) i i ] an“\W
separates the aperture from a detecting photoconducting ar T requencyuy 0 °
tenna, which measures the electric field of the transmitted

. & . FIG. 1. (a) Schematic diagram of the experimental setup. The THz beam is
THz pulses in the near-field zone of the aper[lﬁ@' 1(b)]' focused onto the aperture with a Si hyperhemispherical lens, and the detect-

We tested apertures ranging frahx 5 tod=50um (disthe  ing dipole antenna on GaAs is placed at point(®). Waveform and(c)
square side The cutoff frequency of the largest aperture spectrum of the incident THz pulse. The dashed vertical lines show the
cutoff frequencies of the apertures;; (d=50um)=0.86 THz, v,

(30 um)=1.43 THz, v5 (20 um)=2.14 THz, v, (10um)=4.49 THz, vg
¥Electronic mail: olegm@Iucent.com (5 um)=8.57 THz.
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FIG. 2. Root mean square value of the electric field of the transmitted pulse
(VITE(®]Zdt) (circles. The solid curve shows the® law with the finite I
screen thickness correction. /""‘\f\ \/_/,/\\\M,\
the waveguide length. In the long wavelength limit{d), [ )
the exponential term conveniently reduces to[exgprl/d)], e B S AT B
wherel is the screen thickness. The exponent is almost unit Time (ps)

for relatively large aperturedé1), for which the metallic
screen can be assumed to be infinitely thin. The effect berIG. 3. Wave forms of(a) the incident pulse and the pulse transmitted
comes significant whem becomes comparable to The  through the aperturest=(b) 50, (c) 30, (d) 20, (¢) 10, and(f) 5 um.
transmission coefficient calculated using this model is shown
in Fig. 2. The circles show the measured root mean squaré@e waveguide. The second part is negligible since the screen
(rms) value of electric field of the THz pulses transmitted. thickness is small and the accumulated time delay 19 fs
The transmission functiofin the limit of A>d) has only  for propagating waves. The evanescent waves tunnel through
implicit dependence on the wavelength through a constarihe waveguide and experience no delay inside the wave-
scaling factor. The model explains sdB-behavior of the guide. Therefore, we assume that the experimentally mea-
amplitude within the measured range of aperture sides, sured phase shift is due to aperture coupling. The inset of
=5-50um. Fig. 4 shows the time shift as a function of frequency mea-
The time-domain wave forms of the THz pulse transmit-sured for the 5 and 5@m apertures. The spectral compo-
ted through the apertures are shown in Fig. 3. The tempordlents with frequencies larger than the cutoff frequency
pulse deformation is related to the high-pass properties of theropagate through the aperture without any delay. Below the
subwavelength apertures. Spectral components above ti§&toff, however, there is a negative time delay, which corre-
cutoff frequency propagate through the aperture without sigsponds to time advancement of the wavelet through a sub-
nificant change in amplitude, while the lower frequency
components experience frequency dependent attenuatio
The cutoff frequency of the 5@um aperture is within the 10
pulse bandwidth, and the transmitted pulse experiences si
nificant deformation: the spectrum lacks the components beg  1f ..,
low the cutoff(Fig. 4), and the pulse duration extends-t® \
ps[Fig. 3b)]. As the aperture size decreases, more spectrg *'F

components of the incident pulse fall into below the cutoffg oorll &
g o, 0 &

e
°

At@) (ps)

unit:

regime. For frequencies<v,, the variation of the transmis- 2 J WBogegn /N
. .. . (-3 e
sion coefficient with frequency reduces and the aperture AE 1eslf

tenuates throughout the pulse spectrum with stronger surs
pression of the red end. As a result, the spectra of the pulse'g 1E4
transmitted through the 5 and 1@n apertures become flatter #
and the bandwidth effectively increasé<g. 4). The pulse 1E-5 b
transmitted through the om aperture maintains its single-
cycle characteristic and shows faster electric field oscillatior . . X
than the incident pulse, corresponding to larger weight of the ! Frequenzcy (THz) 8 4
high frequency components.

If we apply the waveguide model, the phase shift that theFIG. 4. Spectral content of the_radiatipn transmitted through_the apertures,
wavelet experiences as it passes through the aperture consi%?g itr:‘seegr?nqd“isgfeys ‘1?128233)’# }Irr]quuzl(:(‘:i)sleg.f E‘: ;;S';epde:;‘j;te"”a;:gidg

of two parts: the phase shift associated with the wave cOUgashed horizontal line shows a time shift-00.66 ps found for the center of

pling in and out of the aperture, and the phase delay due tgravity of the pulse transmitted through theufn aperture.
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o) E gy pulse to the level of the amplitude of the pulse transmitted
S 1x10°F Ej=15EB 1 through the aperture. The transmission functions correspond-
10l i 7 ing to the required screen thickness are shown in Hig).. 5
' 1x10°} ] According to the model, the smallest aperture size that can
s be realized isd=w6 (~0.2um). When this limit is ap-
05 ] d\,-""' ; proached, however, the effective size of the aperture is larger
>0y 1 due to field penetration into metallic walls.
F ] o] In application to near-field microscopy, we implement
1x10° I ®) very small apertures in the near-field probes. The spatial
0.1 1.0 10.0 . . . .
d (um) d (um) resolution of such a probe is defined by the aperture size and

is independent of the wavelengthWe measured resolution
FIG. 5. (a) Required thickness of the aperture screen as a function of theyf 7 um for the probe with the um aperture in the edge test
aperture size antb) t'he corresponding tn_'ansmission coefficient for thz_a THz with a 10%-90% criterion. In this experiment, an edge of a
pulse for two cases: the backgrourfes] is on the same level as the signal . . . . .
(Eg) (dashed ling and the signal is 10 times larger than the backgroundg_oId film depOS|ted on a dielectric substrate is scanned at a
(solid line). distance of~1-2 um over the probe aperture, and the am-
plitude of the THz pulse is measured.
In conclusion, we studied transmission of the THz pulses
'fhrough apertures in the close to and far below the cutoff

regimes. The transmission coefficient follows tH& law

wavelength aperture. The center of the THz pulse incident o
the 5um aperture appears on the other sid@.66 ps earlier

[Fig. 3(f)]. The negative time delay is attributed to reQroup-\vith the correction due to the screen thickness. The transmis-

ing of the_spectral components O.f the pulse. In ad_d|t|on, Aion process alters the temporal characteristics and spectral
asymmetric wave form of the incident pulse contains faster. | ..+ of the THz pulses. The effects of temporal advance-
oscillation in the pulse front. Given that higher frequencies . . through the aperture can be observed for particular
suffer less attenuation, the leading part of the pulse is prefs 5o shapes. These results are general and independent of
erentially transmitted through the aperture while the slowe he aperture shape. In application to near-field microscopy.
varying tail of the pulse is suppressed. Note that the ampliwe explored the limit of spatial resolution and experimen-’

. . 74 . .
tude of the transmitted pulse is10™* of the incident pulse tally demonstrated fm resolution for the range of wave-

amplitude. lengths from 120 to 150@m
Temporal advancement of the peak of the THz pulse g pm.
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