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We study optical modulated transmission in semiconductor hole arrays using terahertz time-domain
measurements in combination with the optical pump-terahertz probe technique. When the density of
photoexcited carriers is varied, we observe an evanescent decay profile for the propagation of
surface plasmon polaritons, whereas steady behavior is exhibited for transmission attributed to the
localized resonance in the holes. We also demonstrate an optically controlled transition of the
transmission mechanism, attributed to the change from a dielectric structure to a plasmonic
material. © 2010 American Institute of Physics. [doi:10.1063/1.3532111]

The remarkable finding of resonant optical transmission
through hole arrays (HAs) in metallic films where the holes
are of subwavelength dimensions' has generated much atten-
tion in recent years. The mechanism of transmission in peri-
odic metal HAs has become the focus of investigation with a
view to realizing subwavelength photodevices, plasmonic
devices that operate beyond the diffraction limit.? It is gen-
erally believed that the dominant mechanism causing reso-
nant transmission involves the excitation of surface plasmon
polaritons (SPPs) at the metal-dielectric interface.’™ Studies
on arrays of rectangular holes have revealed that the local
resonance (LR) can also mediate transmission; the dominant
mechanism can be changed continuously by controlling the
length ratio of the long and short sides of the rectangular
holes.*®”

The terahertz frequency regime, which is commonly de-
fined as the region of the electromagnetic spectrum between
0.3 and 10 THz, is attractive for a variety of applications in
science and technology such as sensing, imaging, and tele-
communication. In this frequency region, the use of metallic
structures is essential because metals are nearly perfect con-
ductors. In practice, semiconductor HAs with high densities
of doped carriers are more suitable because they conduct as
metals®’ and potentially allow real-time operation of the
terahertz transmission. The permittivity of such semiconduc-
tors can be controlled by thermal modulation'® or photo-
injected free carriers,”'" which implies that optical switching
of terahertz pulses is possible. In the latter case, the use of
time-domain (TD) spectroscopy to probe the inhomogeneous
photoinduced carrier distribution has confirmed that the car-
rier layer is metallic.'?

Here, we investigate the influence of the carrier distribu-
tion on the transmission properties of semiconductor HAs,
considering both the excitation of SPPs and the LR in the
holes. By combining terahertz-TD spectroscopy with the op-
tical pump-terahertz probe technique, we reveal an evanes-
cent decay profile with increasing photocarrier density for
the propagation of SPPs and steady behavior for the LR in
the holes. We also discuss the influence of the plasma fre-

¥ Author to whom correspondence should be addressed. Electronic mail:
t.okada@Xkupru.iae.kyoto-u.ac.jp.

0003-6951/2010/97(26)/261111/3/$30.00

97, 261111-1

quency of the back interface on the appearance of the char-
acteristic resonant transmission.

Semiconductor HAs were constructed from high-
resistivity Si (R>1000 ) cm), for which the refractive in-
dex is 851” 2=3.4 in the terahertz frequency regime. Si wafers
of thickness 7=50 um were perforated periodically with cir-
cular holes arranged in a hexagonal lattice structure. We pre-
pared two samples; the lattice constant and hole diameters of
a=750 pym and d=300 um and a=300 um and d
=150 um, respectively. Our experimental setup consisted of
a terahertz-TD measurement system incorporating the optical
pump-terahertz probe technique, details of which are de-
scribed in a previous paper.12 One interface of the Si wafer
was irradiated by the optical pump pulse, and the terahertz
probe pulse was transmitted perpendicular to this interface.
The optical pump power P was varied up to 100 mW, at
which the corresponding carrier density at the front (irradi-
ated) interface of the Si wafer is 4.2X 10'® cm™ and the
plasma frequency is 13.4 THz. The timing of the terahertz
pulse was set to 5 ps after the arrival of the optical pump
pulse at the Si interface; this time delay is large compared to
the rise time of the photoinduced structure,”” and sufficiently
shorter than the relaxation time and diffusion time Dpz/ 4D
~100 ns, where D,=12.2 um and D are the skin depth of
Si at a wavelength of 800 nm,M’15 and the self-diffusion co-
efficient of photoexcited carriers,'® respectively. We can
therefore assume that the photocarriers in our study possess
free-carrier properties. 17

Figure 1 shows the evolution of the transmission spectra
with optical pump power for the Si HA with a=750 um and
d=300 pm. The transmission is dominated by Fabry—Pérot
oscillations except in the low-frequency region at zero opti-
cal pump power, as shown in the inset. The frequency of the
spectral minimum can be expressed as fpp=c(m+1/2)
X (2heg;"*)™!, where c is the velocity of light in vacuum and
m is an integer; this gives zeroth, first, and second order
interferences of 0.44, 1.32, and 2.21 THz, respectively. On
optical excitation, the transmittance in the higher frequency
regime abruptly decreases due to conductivity losses, and the
Fabry—Pérot interference pattern is diminished. Furthermore,
a characteristic transmission peak appears at ~0.4 THz,
which can be attributed to the SPP resonance through the
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FIG. 1. (Color online) Transmission spectra in the frequency domain
through a subwavelength HA with period 750 um and hole diameter
300 wm, at different values of optical pump power. The transmission in the
absence of a sample was employed as a reference spectrum. The spectra
have been offset vertically for clarity. The inset shows the transmission
spectrum under zero excitation.

HA. The frequency of the SPP mode at normal terahertz
incidence is  approximately given by few=c(eq4
+eg)?laley eg)"?, where e4=g,;,=1 is the vacuum
permittivity.8 We calculate the SPP frequency under the as-
sumption that |eg;|> &, because the plasma frequency is
much larger than the transmission peak frequency. In the
irradiated region of the Si wafer, the density of photoexcited
carriers and the corresponding plasma frequency exponen-
tially decrease with depth perpendicular to the wafer
surface.'>'” When the optical pump power is increased to 10
mW, at which the transmission peak already appears, the
plasma frequencies at the front and back interfaces are 4.2
and 0.55 THz, respectively. We note that with an increasing
optical pump power, the transmission peak frequency is
slightly blue-shifted from 0.38 to 0.4 THz, which is consis-
tent with a previous report.11 This observation can be ex-
plained by the modified real part of the permittivity of Si in
accordance with eg(1- fplz/ 1?), together with the Drude
model, where f,; is the plasma frequency of photoexcited Si.
This peak is calculated to appear at 0.38 THz when f,
~(.52 THz. We also note that the peak appears below the
cut-off frequency predicted by the circular metallic wave-
guide theory. This indicates that in the holes, light becomes
an evanescent mode rather than a propagation mode.

The characteristic resonant transmission can be attrib-
uted to the coupling mode between the SPPs and LR; for
rectangular holes, the dominant mechanism can be changed
from the excitation of SPPs to the LR by tuning the length
ratio of the long and short sides.*®7 Characteristic transmis-
sion attributed mainly to the LR has also been observed for
square and circular holes.’ Figure 2 shows the evolution of
transmission spectra with optical pump power for the HA
with =300 wm and d=150 um. At zero optical excitation,
as shown in the inset, the Fabry—Pérot interference is ob-
served at a higher frequency than that estimated. This implies
that the refractive index of Si is decreased in the effective
medium theory when the percentage hole occupancy 7 (de-
fined as the ratio of the hole area to the total surface area) is
large. In addition, the transmission is dominated by other
complex features due to guided resonances, namely, the ef-
fect of the photonic crystal.g’lo’18 The photonic crystal effect
tends to appear as the value of % increases; thus, it is not
observed in Fig. 1 (=14.5%), but is apparent in Fig. 2
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FIG. 2. (Color online) Transmission spectra in the frequency domain
through a subwavelength HA with period 300 wm and hole diameter
150 wm, at different values of optical excitation power. The transmission in
the absence of a sample was employed as a reference spectrum. The spectra
have been offset vertically for clarity. The inset shows the transmission
spectrum under zero excitation.

(7=23%). We note that the photonic crystal effect was not
observed in the transmission spectrum of a Si HA with
d=200 pum and a=750 pum (7=6.4%), whereas it was ap-
parent in the spectrum of a HA with d=300 um and
a=500 um (7=33%), in both cases without optical excita-
tion (data not shown). On optical excitation, the photonic
crystal effect in HAs with larger # abruptly disappears, as
shown in Fig. 2. Simultaneously, a broad transmission peak
appears at 0.83 THz, the asymmetrical profile of which is
likely due to Fano resonance.’ The frequency of this peak is
slightly lower than that estimated assuming the SPP or LR
mechanisms (1 THz). It is probable that the actual hole di-
ameter is slightly larger than the nominal diameter due to the
finite penetration depth of terahertz waves at the poorly me-
tallic hole walls.'? Moreover, we can assume that the diffu-
sion and recombination of photoexcited carriers are negli-
gible in our experiment.lz’mfl7 Therefore, the carrier density
at the hole walls decays exponentially with increasing depth,
causing a red-shift of the transmission peak due to the LR.
We thus assume that the transmission peak for the HA with
d=150 pum and a=300 wm can mainly be attributed to the
LR. We also note that the plasma frequency of photoexcited
Si is assumed to be much higher than the transmission peak
frequency (for P>26 mW), which implies that |eg]|> e4.
This does not hold in the low pump power regime; thus the
frequency of the transmission peak would deviate from the
theoretical value; however, the peak position is rather poorly
defined in our study. It is also noteworthy that the peak be-
comes much more pronounced at pump powers greater than
26 mW, for which the corresponding plasma frequency at the
back interface of the Si wafer is 0.88 THz. Therefore, we
suggest that the transmission peak clearly emerges when the
plasma frequency at the back interface exceeds the transmis-
sion peak frequency.

The inhomogeneous distribution of carriers as a function
of the depth in the Si wafer has a significant influence on the
intensity of the transmission peaks. Figure 3 shows the trans-
mission efficiency, defined as the transmittance at the peak
frequency normalized by the surface area occupied by the
holes, as a function of the optical pump power. The transmis-
sion efficiency for the HA with d=300 um and a
=750 pum gradually decreases with increasing pump power,
whereas essentially steady behavior is exhibited for the HA
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FIG. 3. (Color online) Transmission efficiency of two samples at the peak
frequency as a function of optical pump power. The inset shows the depen-
dence of peak width on optical pump power for Si HAs with
d=300 wm, a=750 pum (diamonds) and with d=150 pum, a=300 um
(triangles).

with d=150 wm and a=300 um. These trends can also be
observed in the peak widths shown in the inset. In order to
investigate the nonpropagating nature of the SPPs, we evalu-
ated the decay profile of the transmission peak intensity in
the former case. We assume that in a Si wafer with a HA, the
transmission efficiency for the SPP mode exponentially de-
creases with thickness, with a characteristic decay length Lc.8
The transmission efficiency is expressed as

N 62 —h/Lc
Tegt(Npump) (—M) ; (1)
e e 47TSDP,M85180]C§

where 1/u=1/m.+1/my, is a function of the reduced masses
of the electron and the hole [m, and m, are the effective
masses of electrons and holes in Si (Ref. 19)], Ny, (2.7
X 10'%P) is the optical pump photon number per pulse, S
(9> mmm?) is the irradiated area, g is the permittivity of
free space, and e is the electron charge. In this calculation,
we assume that the carrier plasma is in equilibrium, that the
number of photoexcited electrons and holes is equal to the
optical pump photon number, and that fp2= p62+ phz. As
shown in Fig. 3, the theoretical curve obtained for a plasma
frequency of f,=0.4 THz is in good agreement with the ex-
perimental curve when L.=25.5 um. The characteristic de-
cay length for the HA with d=200 um and a=750 um (7
=6.4%) was obtained in similar fashion and found to be L,
=20.8 um. These values of L. are slightly smaller than in
doped semiconductors,® which is due to the inhomogeneous
carrier distribution. By contrast, the LR exhibits a profile that
does not decay with increasing pump power, implying that
the localized electromagnetic wave inside the holes does not
propagate from the front to the back interface.

Here, we remark that published experimental data for the
visible and near-infrared regimes suggest that no resonant
feature is present in the transmission spectrum for circular
HAs. 22! By contrast, transmission due to the LR can be
observed for a single circular hole in the terahertz regime
because the penetration depth is extremely shallow compared
to the incident wavelength, although the enhancement factor
should be small.** Finally, we note that another possible ex-
planation can be examined to account for the lower fre-
quency of the transmission peak in Fig. 2 than that estimated
for the SPP. At large values of 7, the SPP can be regarded as
a spoof SPP when the metal-vacuum effective medium
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model is considered. This implies that the position of the
corresponding transmission peak is shifted to lower fre-
quency because the nominal penetration depth would in-
crease and the velocity would decrease for a SPP with spoof
characteristics. In a photoexcited system the penetration
depth and velocity should depend on the carrier density,
which implies that the position and intensity of the transmis-
sion peak should vary with pump power. However, we do not
observe such a tendency in our experiment.

In conclusion, we have measured the transmission prop-
erties of a photodoped semiconductor mediated both by the
excitation of SPPs and by the LR. A transmission peak
clearly emerges when the plasma frequency of the back in-
terface exceeds the transmission peak frequency. The trans-
mission efficiency decays with increasing optical pump
power for the excitation of SPPs, whereas no dependence on
the optical carrier density is observed for the LR. Further-
more, we have demonstrated a continuous transition from a
dielectric structure to a plasmonic material. This study will
contribute to the realization of all-optical operating devices
such as optical integrated circuits, as well as basic optical
components. To improve the switching speed, a more suit-
able semiconductor could be chosen, for example, a direct
semiconductor such as GaAs, InSb, or InAs.
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