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Abstract: Temporal terahertz waveforms generated from GaAs/AlAs coupled multilayer
cavity structures were simulated and compared with experimental results. Femtosecond
laser pulses covering two cavity-mode frequencies were used for the difference frequency
generation (DFG) in the terahertz region. The Fourier components dependent on the
frequency and spatial position were determined for the second-order nonlinear polarization
induced by a 100-fs Gaussian pulse injection. When the temporal waveform was simulated
using the Fourier components, the oscillating behavior due to the efficient DFG of the two
cavity modes was clearly observed after the initial ultrafast response near the incident
surface. Assuming the exponential decay of signal sensitivity in the high-frequency region,
the simulated results were consistent with the experimentally measured ones for coupled
cavity structures grown on (113)B GaAs substrates.

Index Terms: Terahertz generation, optical microcavity, IlI-V semiconductors, frequency
mixing, femtosecond laser.

1. Introduction

Useful terahertz sources based on semiconductor materials have been widely investigated because
of the wide range of possible applications, which include wireless communications, spectroscopy,
and imaging. Many types of devices, such as quantum cascade lasers (QCLs) [1]-[3], resonant
tunneling diodes [4], and photomixers [5], [6] have been studied and developed for continuous-wave
terahertz emitters. However, although there has been significant progress on terahertz QCLs, near-
room-temperature operation has not yet been demonstrated. Efficient wavelength conversion
devices based on difference frequency generation (DFG) in lll-V semiconductors are attractive for
novel emitters that can operate at room temperature due to the large second-order nonlinearity.
Efficient terahertz DFG has previously been demonstrated using a GaP crystal excited by two
individual lasers [7]-[9]. In addition, femtosecond laser technologies have made it possible to
generate terahertz pulses covering extremely broad bandwidths [10]-[12].
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We have recently proposed planar-type and room-temperature-operable terahertz emission
devices based on the DFG of two cavity modes in a GaAs/AlAs coupled multilayer cavity, in which
two half-wavelength (\/2) cavity layers are coupled by an intermediate distributed Bragg reflector
(DBR) multilayer [13]. The optical frequency difference between the two modes can be precisely
defined in the terahertz region by the number of periods of the coupling DBR multilayer. The internal
electric field of each cavity mode is strongly enhanced in both \/2 cavity layers, so that strong mixed
signals of the two modes can be generated when the coupled cavities are grown on non-(001) GaAs
substrates. Note that the growth on the non-(001) substrate is essential because the effective
second-order nonlinear coefficient is zero on the (001) orientation due to the crystal symmetry
[14], [15]. A strong sum-frequency generation (SFG) signal was obtained from a GaAs/AlAs
coupled multilayer cavity grown on a (113)B GaAs substrate by simultaneous excitation of the two
cavity modes with 100 fs laser pulses [16]-[18]. The peak intensity of the SFG signal was more than
400 times greater than that of the second-harmonic generation signal from the (113)B GaAs bulk
substrate. This indicates that the coupled multilayer cavity structure on the high-index GaAs
substrate would act as efficient optical-frequency mixers because of the enhanced electric fields of
two cavity modes. In addition, DFG signals from the (113)B coupled cavity samples were also
demonstrated at room temperature by time-resolved waveform measurements using 100 fs laser
pulses and a photoconductive (PC) antenna [19], [20]. In this work, temporal terahertz waveforms
generated by 100 fs Gaussian pulses were simulated for GaAs/AlAs coupled multilayer cavity
structures. The internal electric field distributions simulated by the transfer matrix method were used
to characterize the terahertz DFG through the second-order nonlinear process. The simulated
results were compared with the experimentally measured results for the (113)B coupled cavity
samples.

2. Terahertz DFG Simulation

Let us consider the second-order nonlinear polarization induced by a 100 fs Gaussian pulse to
understand terahertz DFG in the GaAs/AlAs coupled multilayer cavity. The Fourier component f;(w)
of the incident Gaussian pulse is given by

2
fy(w) = V2rrexp <— Tz(‘*’;“"”) (1)

where wy and 27vIn2 are the central angular frequency and pulse duration defined as full width at
half maximum (FWHM), respectively. The electric field of E(z, t) at a certain position z inside the
coupled cavity is expressed as

E(z 1) = Z fy(w)A(z,w) gio(zw) gt "

where the modulated amplitude A(z,w) and phase ¢(z,w) can be determined with conventional
transfer matrix methods. According to the second-order nonlinear optical process, the product of
E(z,t) and E*(z,t) gives the nonlinear polarization P(z,t) that contributes to terahertz DFGs,
which is given as

P(z,1) =Y > XP(z,0,u)y(w)(W)A (2,w)A(z,o) e *5) gtz gl =, @)
where x®(z w,«/) is the second-order nonlinear susceptibility for the DFG, and the asterisk

denotes the complex conjugate. Substituting 2 and Aw for o'+ w and &' — w, respectively, (3)
becomes

P(z,t) =) Pa.(z)e ™™, (4)
Aw
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Fig. 1. Position-dependent spectral map of Px,(z) simulated for the GaAs/AlAs coupled multilayer
cavity. Reddish and bluish colors indicate the positive and negative signs of Pa,(z), respectively. The
excitation source was a 100 fs Gaussian pulse incident from the left side.

where Px,(z) is the Fourier component of P(z,t), which is given by

Pau(2) = 3 XP (2,0, )y ()h(W)A (2,0) Az, e 92 69, (5)
Q

Fig. 1 shows a position-dependent spectral map of Pa,(z) simulated under 100 fs Gaussian
pulse irradiation from the left side. The simulated structure consists of two A/2 layers (222 nm thick
GaAs) coupled by a 10.5-period GaAs/AlAs (111 nm/130 nm) DBR, which is sandwiched between
two 13-period DBRs. Linear refractive indices of 3.38 and 2.89 were used for GaAs and AlAs,
respectively. The central wavelength of the 100 fs Gaussian pulse was set at the midpoint of the two
cavity modes (A = 1491.6 and 1516.2 nm), and the pulse had a spectral width (FWHM) of 33.3 nm,
which corresponds to the bandwidth of 4.4 THz. In this case, the two cavity modes were
simultaneously excited by a single 100 fs Gaussian pulse because the spectral width (33.3 nm) was
wider than the mode wavelength difference (24.6 nm). For simplicity, x?(z,w,«') was assumed to
be unity over the entire region. In Fig. 1, great enhancement of Pa,(z) can be observed in both
cavity regions around a frequency of 3.3 THz, which corresponds to the optical frequency difference
of the two cavity modes. This results from the product of the enhanced electric fields of the two
modes due to the cavity effect [13]. Note that the sign of P, (z) around 3.3 THz is positive in the
cavity region near the light incident surface, while the sign is negative on the other side of the cavity
region. As discussed in the next section, the opposite signs of P, (z) in the two cavity regions are
unfavorable to obtain the strong output terahertz signal because it leads to the significant
cancellation of the radiated terahertz waves. An enhancement of Pa,(z) in both cavity regions is
also evident around the zero frequency because each mode has a finite spectral width. However,
the components around the zero frequency contribute a negligible amount to the electromagnetic
field radiation. In addition to the cavity-mode related components, second-order polarization with a
broad Fourier spectrum is generated in the vicinity of the light incident surface. The spectral shape
is almost that given by the autocorrelation function of f;(w) used for the excitation pulse.

We now proceed to describe the temporal terahertz waveform generated by the second-order
nonlinear polarization shown in Fig. 1. When the nonlinear polarization acts as a source of
electromagnetic radiation, the radiated electric field is proportional to the second derivative of the
polarization with respect to time. The electric field radiated by the local polarization element at
position z should be summed over the entire structure taking into account of the z-dependent phase
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Fig. 2. Simulated temporal terahertz waveforms generated by polarization elements at the #a, #b, and
#c positions indicated in Fig. 1. The output waveform is shown in the bottom panel.

factor to obtain the output electric field at the end of the structure. Here, it is assumed that the
refractive index nry; in the terahertz region is independent of z because the optical thickness of
each layer is much smaller than the wavelength of the radiated field. The temporal terahertz
waveform Eqy,(t) is thereby described by the relation

PP(z,t)
Era(t) o %eﬂ, 6)
Z

where k is the wavenumber of the radiated electric field. Using (4) and k = nry,Aw/c, (6) becomes

Erhz(t) o — Z Z Aw? Py, (z)e Awlt=mmez/c) (7)
Z Aw

where c is the speed of light in a vacuum.

Fig. 2 shows simulated temporal terahertz waveforms generated by the local polarization
elements at the light incident surface (position #a indicated in Fig. 1) and the two cavity layers
(#b and #c). Each temporal profile is plotted, taking into account the z-dependent phase shift given
by nryzz/c in (7), where nry, is assumed to be 3.65, which corresponds to the refractive index of
GaAs around 2 THz [12]. The output waveform given by the summation of each radiated field is
shown in the bottom panel of Fig. 2. At the light incident surface, the field radiation is limited to an
extremely short period. The temporal profile is almost that given by the second derivative of the
incident pulse shape with respect to time. On the other hand, decaying oscillations are clearly
observed in both temporal profiles simulated for the cavity layer positions of #b and #c due to the
enhanced DFG of the two cavity modes. The oscillation period corresponds to a mode frequency
difference of 3.3 THz, and the decay constant is related to the spectral width of the two modes.
Comparison of the two oscillations observed at #b and #c indicates a phase mismatch of almost half
a period. The phase mismatch originates from the opposite sign of the enhanced P, (z) around the
mode frequency difference, as shown in Fig. 1. The distance between the two cavity layers is not
sufficient to compensate the phase mismatch; therefore, the radiated fields largely cancel each other
out. However, in the output waveform, the oscillation behavior is still observed after the initial ultrafast
response caused by the radiation near the light incident surface. If we introduce inversion of the
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Fig. 3. Sample structures used in the experiments. Measured optical reflection spectra are given in the
bottom panel. Two cavity modes with an optical frequency difference of (a) 3.3 and (b) 2.2 THz were
observed in each spectrum.

nonlinear susceptibility at the middle of the coupling DBR, then the oscillation amplitude should be
significantly enhanced in the output waveform. This situation can be accomplished by face-to-face
bonding of two halves of the coupled cavity structure grown on the same high-index substrate [21].
The quantitative effect of the susceptibility inversion is dependent on the number of multilayer
periods in the coupling DBR because it defines the mode frequency difference as well as the physical
distance between the two cavity layers. Considering the Fourier spectra simulated for the present
coupled cavity structures with and without the susceptibility inversion, an enhancement factor of 7 is
estimated for the DFG signal at the mode frequency difference of 3.3 THz. A detailed discussion
regarding the susceptibility inversion using the face-to-face bonding of two epitaxial wafers will be
published elsewhere.

3. Comparison With Experiments

The two samples shown in Fig. 3 were prepared for experimental measurements. Both coupled
cavity structures consisting of two \/2 layers (222 nm thick GaAs) and three GaAs/AlAs (111 nm/
130 nm) DBR multilayers were grown on (113)B-oriented GaAs substrates using solid-source
molecular beam epitaxy (MBE). The detailed MBE growth procedures have been previously
described in [16]. Sample A has the same structure as described in the previous section, while
sample B has an increased number of multilayer periods in the coupling DBR. Using the 13.5-period
GaAs/AlAs coupling DBR multilayer instead of the 10.5-period multilayer reduced the frequency
difference of the two cavity modes from 3.3 to 2.2 THz, as shown in the measured optical reflection
spectra of Fig. 3. The number of multilayer periods in the substrate-side DBR was also increased
from 13 to 17 to improve the injection of two cavity-mode light for optical measurements. However,
no significant improvement in the reflection dips of the two cavity modes of sample B was observed,
due to the structural inhomogeneity.

Time-resolved terahertz waveform measurements were performed at room temperature using
laser pulses with a pulse duration of ~100 fs [19], [20]. Pump pulses of ~1.5 um that covered the
two cavity modes were produced using an optical parametric oscillator (Spectra Physics Inc., Opal)
pumped by a Ti:sapphire laser (Spectra Physics Inc., Tsunami) with an output wavelength of
~0.81 um and a repetition rate of 80 MHz. The measured spectrum of the pump pulses showed a
spectral width (FWHM) of 25 nm, which corresponds to the bandwidth of 3.2 THz. The pump beam

Vol. 5, No. 3, June 2013 6500308



IEEE Photonics Journal Waveforms from Coupled Multilayer Cavities

Sample A (Av = 3.3 THz) Sample B (Av = 2.2 THz)
| (@) RE)

Experiment 7 Experiment

ETHz
ETHz

Simulation 4 - Simulation 4

& No decay N No decay
F F
w o w
n 1 I L 1 1
(c':) T T T T T (f) T T T T T
r Simulation - Simulation
N} f,=0.6 THz | N f,=0.6 THz
= F
w w o
1 1 1 1 1 1 1 1 1 1
-2 1 0 1 2 3 4 2 -1 0 1 2 3 4
Time (ps) Time (ps)

Fig. 4. (a, d) Measured temporal terahertz waveforms and (b, e) simulated waveforms for samples A
and B. (c, f) Simulated waveforms assuming exponential decay of the signal sensitivity in the high
frequency region.

(150 mW) was focused on the sample surface to a diameter of ~100 um. The terahertz signal emitted
from the substrate-side was detected using a dipole-type PC antenna with a gap of 6 um, which was
optically gated using a weak optical pulse beam (10 mW) from the Ti:sapphire laser. A commercially
available PC antenna was used in this study. The PC antenna device acts as a terahertz receiver in
the frequency range of about 1—4 THz. However, the frequency dependence of the signal sensitivity
was not well calibrated. The pump pulses were polarized in the [332] direction, and the polarization
direction of the detected signal (which was parallel to the PC gap) was also aligned in the same [332]
direction. The time delay between the pump and gate pulses was controlled with a mechanical stage.
A Sihemispherical lens was placed just behind the sample, and a Ge filter was used to prevent strong
pump pulses from irradiating the PC antenna. Measurements were performed under a nitrogen
atmosphere to prevent the absorption of terahertz waves by water vapor.

The measured temporal terahertz waveforms of samples A and B are shown in Fig. 4(a) and (b),
respectively. The decaying oscillations due to the DFG of the two modes were clearly observed in
both experimentally measured waveforms. However, the oscillation amplitudes were smaller than
those obtained in the simulated waveforms shown in Fig. 4(b) and (e). This feature was more
significant for sample A, for which the mode frequency difference (3.3 THz) was higher than that of
sample B (2.2 THz). In addition, the broadened initial responses were observed compared with the
simulated profiles. Power spectra given by Fourier transforms of the temporal waveforms measured
for samples A and B are shown in Fig. 5(a) and (d), respectively. The corresponding simulated
spectra are shown in Fig. 5(b) and (e), respectively. The discrepancies between the experimentally
measured and simulated waveforms originated from the weaker signal intensities at higher
frequencies of the experimentally measured waveforms. Therefore, the signal sensitivity of the PC
antenna used for terahertz wave detection degrades in the higher frequency region. To take into
account the frequency f dependence, exponential decay of signal sensitivity S(f) is assumed and is
represented as

s —exp(- 1 ). ®)
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Fig. 5. Respective power spectra obtained by Fourier transforms of Fig. 4(a)—(f).

where f; is the decay constant and gives the frequency response performance of the PC antenna
device. The simulated waveforms of samples A and B using f, = 0.6 THz are shown in Fig. 4(c) and
(f), respectively. The broadened initial response and decreased oscillation amplitude observed in
each experimentally measured waveform were well reproduced when we assume f; = 0.6 THz in
the simple exponential decay function of the signal sensitivity although the actual response function
is considered to be more complicated. The simulated power spectra of samples A and B [Fig. 5(c)
and (f), respectively] were also consistent with the experimental spectra shown in Fig. 5(a) and (d),
respectively. Note that the simple model used in this study allows us to estimate terahertz emission
properties from the coupled multilayer cavity, which is very useful to design the device structure for
efficient terahertz emission using DFG of two cavity modes. For example, we can quantitatively
evaluate effects of the polarization control for the intense terahertz emission induced by several
fabrication techniques such as direct wafer-bonding. The consideration of other factors related to
the structural inhomogeneity would be helpful for further understanding of terahertz wave
generation from coupled cavity structures.

4. Conclusion

Temporal terahertz waveforms generated from GaAs/AlAs coupled multilayer cavity structures were
studied using numerical simulation. The second-order nonlinear polarization induced by a 100 fs
Gaussian pulse was calculated for terahertz DFG of the two cavity modes. In the calculation, the
transfer matrix method was used to determine the internal electric field distributions of the injected
frequency components. Then, the Fourier component map of the nonlinear polarization
dependence on the frequency and spatial position was used to deduce the output temporal
waveform by summation of the electric fields radiated by the local polarization elements. In the
simulated waveform, the decaying oscillation due to efficient DFG of the two cavity modes was
observed after the initial ultrafast response near the incident surfaces. The simulated and
experimental results were compared for two different samples of GaAs/AlAs coupled multilayer
cavity structures grown on (113)B GaAs substrates by MBE. The broadened initial responses and
weak oscillation amplitudes of the experimentally measured waveforms were explained by
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assuming an exponential decay of the signal sensitivity in the high frequency region. These results
are very useful for the design of novel terahertz emission devices based on coupled multilayer
cavity structures.
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