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Ultrafast opto-terahertz photonic crystal modulator
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We present an agile optically controlled switch or modulator of terahertz (THz) radiation. The element is
based on a one-dimensional photonic crystal with a GaAs wafer inserted in the middle as a defect layer. The
THz electric field is enhanced in the photonic structure at the surfaces of the GaAs wafer. Excitation of the
front GaAs surface by ultrashort 810 nm laser pulses then leads to an efficient modulation of the THz beam
even at low photocarrier concentrations (=10 cm=3). The response time of the element to pulsed photoex-
citation is about 130 ps. © 2007 Optical Society of America
OCIS codes: 160.5140, 300.6270, 300.6530, 230.1150, 230.4110.

The generation and control of pulsed and continuous-
wave terahertz (THz) radiation has received consid-
erable attention during the past years.’® As future
short-range indoor communication systems may be
designed for the sub-THz or THz range, one can ex-
pect a growing research emphasis put on the manipu-
lation of both guided and freely propagating THz
beams by means of agile switches, modulators, and
phase shifters controlled either optically or electroni-
cally. Quasi-optical devices allowing fast transfer of
information from the optical to the THz spectral band
are of particular interest.

High-resistivity semiconductors show big potential
for the optical control of their reflectance or transmit-
tance in the gigahertz (GHz) and THz spectral
ranges.?'_7 They are transparent in their ground
state, whereas the photoexcitation of electrons leads
to a marked increase in the absorption coefficient in
the THz range. This enables setting up relatively
simple elements in which the propagation of THz
waves is controlled by visible light.

An important parameter that deserves consider-
ation is the lifetime of free carriers in the semicon-
ductor. A short—subnanosecond or picosecond—
lifetime allows a high switching rate,* while
semiconductors with a long free-carrier lifetime can
be used as optically controlled attenuators.® In the
latter case, the slow response allows one to reduce
considerably the optical pump intensity needed for
an appreciable modulation of the THz beam, because
the photocarrier density is proportional to the life-
time under continuous illumination.

We have recently reported a broadband ultrafast
opto-THz switch based on a thick GaAs wafer’ that
allows one to modulate its THz reflectivity between
the antireflective and highly reflective limits by vary-
ing the photoexcitation intensity. Its drawback is a
relatively high carrier concentration required for ef-
ficient switching in the THz range. In this Letter we
report on an agile optical THz modulator consisting
of a thin GaAs platelet enclosed in a one-dimensional
photonic crystal (PC) structure. As the investigated
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structure has a resonant character, it shows a nar-
rower operation bandwidth and is suitable for appli-
cations with quasi-monochromatic THz radiation. At
the same time, owing to the THz electromagnetic
field enhancement in the GaAs layer, this device al-
lows us to efficiently modulate the THz light at sub-
stantially lower photoexcitation fluences, while the
speed of the switching is determined by the lifetime
of the carriers at the surface of the GaAs wafer.

The experiments were performed with a PC struc-
ture composed of a multilayer stack of wafers—
(0001) oriented crystalline quartz (with THz refrac-
tive index n;=2.10 and thickness d;=60+1 um) and
(001) oriented MgO (refractive index ng=3.12, thick-
ness dy=42+1 um) as low- and high-index materials.
The central MgO layer was replaced by a GaAs plate-
let (np=3.55,dp=65+1 um) acting as a defect. The
sequence of the layers, all with a square shape of
7 mm X7 mm, reads as (LH)*LDL(HL)% The whole
structure was assembled into a holder with a 4 mm
clear aperture.

This device can be described as a Fabry—Perot in-
terferometer with two Bragg mirrors enclosing a thin
cavity made of GaAs in the middle.> ™ The THz spec-
trum of such a structure exhibits forbidden bands
where the transmission is inhibited (or significantly
reduced) and so-called defect modes inside those
bands, which are characterized by a high transmis-
sion coefficient. Our Bragg mirrors were composed of
typical quarter-wave stacks: the central wavelength
of the lowest forbidden band is equal to 2d;,;, where
dio; 1s the optical thickness of the unit cell (diy
=ngdg+nrd;, and ngdg=n;dy). The device operates
at frequency f; corresponding to that of the defect
mode in the lowest forbidden band.

MgO and SiO, are transparent for both optical and
THz radiation: the optical pump thus creates free
carriers at the surface of the central GaAs wafer.
They induce losses in the structure in the THz range
and temporarily inhibit its THz transmittance. Since
the defect layer is approximately a half-wave plate,
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i.e., npdp=di,, the defect mode is located near the
center of the forbidden band. It follows from the
analysis shown in Ref. 9 that if the low refractive in-
dex layer is adjacent to the defect, the defect mode
has odd symmetry. Consequently, the electric field of
the standing waves inside the structure exhibits an-
tinodes at the defect surfaces. This wave profile en-
ables a strong interaction of the THz radiation with
photocarriers and is suitable for efficient THz light
modulation.

The time response of the structure essentially de-
pends on the lifetime 7, of free carriers in GaAs
(which is about 110 ps for our sample12) and on the
lifetime 7pc of the THz wave at f;, in the PC [7pc
=1/(wAf)]. Here Af stands for the full width at half-
maximum (FWHM) of the defect mode in the power
transmittance. The time response of the PC is con-
trolled solely by the carrier lifetime if 7,>> 7p; other-
wise, the switching is slowed down due to the re-
sponse of the PC. A more elaborate analysis of the
time response of the modulator is beyond the scope of
the present Letter.

The experiments were realized by using the time-
domain THz spectroscopy with a femtosecond Ti:sap-
phire amplified laser source. The pulse train was
split into three branches—one used for photoexcita-
tion, one for the generation of the THz pulses via op-
tical rectification, and one for electro-optic sampling
of the THz radiation.'® The sample was held in the
focus of the THz beam with a diameter of 2.8 mm for
frequencies close to 600 GHz. The pump beam was
spatially expanded to improve the excitation homoge-
neity across the 4 mm aperture of the sample. The in-
cident pump fluence was varied between 0.4 and
26 uJ/cm? by using neutral-density filters and was
carefully measured by using another empty 4 mm ap-
erture positioned exactly at the sample place.

Figure 1 shows examples of time-domain THz
waveforms. The scans were typically 200 ps long to
achieve a spectral resolution of 5 GHz. The complex
transmission spectra (see examples in Fig. 2) were
calculated from the Fourier transformation of the
time-domain data. The spectrum of the reference
waveform E ., obtained in an experiment when the
PC was removed from the THz beam path, is used for
the normalization of all the transmission spectra.
The data were first measured with the pump beam
off to determine the steady-state characteristics E(t)
of the PC. The ground state transmittance corre-
sponds to curve (a) in Fig. 2. In the experiments with
the pump beam on, our setup'? allowed us to mea-
sure the photoinduced change, the so-called transient
waveform AE(¢) [see Fig. 1(c)], with a high sensitiv-
ity. The actual waveform transmitted through the
photoexcited sample is then E=E,+AE. Note that
the transient waveform obtained for a low pump flu-
ence shows a slowly damped quasi-monochromatic
character related to the fact that the photocarriers
strongly decrease the transmission of the PC at the
defect frequency while the transmission is only
weakly influenced at other frequencies [see curves (a)
and (b) in Fig. 2]. In the high-pump-fluence limit
[curve (c) in Fig. 2] the defect mode is entirely sup-
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Fig. 1. Examples of THz waveforms. (a) Reference wave-
form measured without PC. (Features at 10, 21, 43, and
88 ps are due to reflections on various elements in the THz
beam path; the long-lasting irregular signal is related to re-
sidual water vapor.) (b) Waveform transmitted through the
PC in the ground state. (c) Transient waveform obtained at
0.8 ud/cm? pump fluence. Inset, scheme of the structure
(white, SiOg; gray, MgO; black, GaAs).
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Fig. 2. Complex transmittance of the PC structure as a
function of the pump pulse fluence: (a) 0 uJ/cm? (ground
state), (b) 0.8 uJ/cm?2, (¢) 26 ud/cm2. The pump—probe de-
lay is 5 ps. Symbols, experimental data; lines, calculation
by using transfer matrix formalism. Vertical offsets of 1
(87r) and 0.5 (47) are applied to the amplitude (phase) of
the data corresponding to curves (a) and (b), respectively.

pressed, but the band structure at other frequencies
is also strongly distorted.

The theoretical investigation of the structure was
performed by using the transfer matrix formalism.'?
The calculated steady-state spectrum fits the mea-
sured data quite well; we obtain an excellent match
of the frequency of the defect mode and of the forbid-
den band edges if we slightly adjust the nominal
thicknesses of MgO and GaAs wafers: we used dg
=42.7 ym and dp=64.5 um as best-matching values.
The defect mode frequency then amounts to f
=609 GHz, in agreement with the experiment; its
FWHM is Af=16.7 GHz.

Concerning the simulation of the photoexcited PC,
a linear absorption process of the pump beam in
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GaAs was assumed (with absorption coefficient «
=1.3 um™). Using the transfer matrix formalism, we
calculated the absorbed optical pump intensity in
GaAs near 810 nm to be 75% of the measured inten-
sity incident on the PC. From this value we can esti-
mate the surface density of free carriers for any
pump fluence; the complex THz refractive index of
photoexcited GaAs is then evaluated by using the
Drude model.** The experimental spectra match very
well the theoretical ones for all the pump fluences
(see Fig. 2) provided that the surface density of free
carriers estimated from the experimental conditions
is systematically divided by a factor of 1.5. This small
discrepancy can be explained by optical power losses
due to interferences in micrometer sized air cavities
between the constituent layers of the PC and by a
small error in the calibration of the powermeter used
to estimate the pump fluence. After this correction we
obtain a carrier density of 10 cm=3 for the lowest
fluence used (0.4 uJ/cm?).

Power modulation spectra, defined as the ratio of
the power transmittance of the PC in the excited and
ground states, are shown in Fig. 3. Note that the
modulation occurs mainly in the vicinity of the defect
mode and that nearly 50% modulation of the trans-
mitted power is obtained for the free-carrier concen-
tration of 1x10%cm™3. Let us estimate now what
minimum pulse energy is required for achieving 50%
modulation under optimal conditions. In principle,
the THz radiation at 600 GHz (i.e., at a 0.5 mm wave-
length) can be focused more tightly than it was in our
experiment. For example, for a 600 GHz Gaussian
beam with a waist diameter of 2 mm in a quartz the
confocal beam parameter15 exceeds zo=12mm,
which is more than the length corresponding to the
lifetime of the THz wave at 600 GHz in our
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Fig. 3. Ratio between the power transmission spectra of
the PC in photoexcited and ground state T/T near the de-
fect mode. Pump pulse fluences (ud/cm?) and free-carrier
densities (1018 cm=3): (a) 0.4, 1.0; (b) 0.8, 2.0; (¢) 2.4, 6.1; (d)
5.3, 13.5; (e) 8.0, 20; (f) 26, 66. Pump—probe delay, 5 ps. In-
set, decay of the relative power transmission at 609 GHz
for 0.8 uJ/cm? versus pump—probe delay time.

PC:c/(wAf)=6 mm. The THz capabilities of the
structure then should not be significantly reduced if
an input aperture of 2 mm is used with appropriate
focusing THz optics. In this case the incident pulse
energy of 10nd (currently available from common
femtosecond Ti:sapphire oscillators) would be suffi-
cient to induce a 50% modulation of the THz light.

The decay of the THz modulation in time is ob-
tained if the measurements are performed as a func-
tion of the pump-probe delay. Results of this experi-
ment along with an exponential fit are shown in the
inset of Fig. 3. The time constant of the decay is
128+12 ps, which is in a good agreement with the
carrier lifetime in the GaAs wafer.

In summary, we have demonstrated the possibility
of ultrafast (~100 ps) modulation of THz radiation
controlled by optical pulses by using a one-
dimensional photonic crystal with a GaAs defect. Our
results indicate that 50% modulation may be possible
with a pump pulse energy of the order of 10 nd, which
can be provided by commercial femtosecond Ti:sap-
phire oscillators.
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