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ABSTRACT

Here we present an antenna-integrated QCL which can be actively and optically modulated using light in the
near infrared, creating an optical nanocircuit — coupling two different frequency antennas with a nonlinear active
switching element. For our design, we chose two cross-polarized bow-tie antennas with an aligned central spot. We
have used detailed FDTD simulations to choose the length of each bow-tie. The larger bow-tie antenna is resonant with
the QCL at 6.1 um wavelength and is aligned perpendicular to the active region of the device because QCL emits TM
polarized light. The smaller bow-tie is resonant with the incoming modulating light at 1550 nm and is aligned
perpendicularly to the first bow-tie. There is a rectangular region of amorphous germanium below the smaller bow-tie
which acts as an absorber at 1550 nm. When light at 1550 nm is incident upon the device, it is focused and enhanced by
the smaller bowtie, creating a region of large absorption in the germanium rectangle below. Free carriers are generated,
shorting the larger bow-tie which is already focusing and enhancing light from the QCL mode. When the bow-tie arms
of the larger bow-tie are shorted by these free carriers, the focusing and enhancement of the light by the larger bow-tie of
the QCL mode is severely diminished, affecting the entire laser output, even the far field. Simulation results, fabrication
details, and finally experimental results are discussed. = Such an all-optical switch could be useful for
telecommunications, free space communications, or rangefinding applications.
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1. INTRODUCTION

Recently, there has been increasing activity in using SP-based devices for optical modulation and switching [1-
4]. Methods of all-optical switching have become more attractive recently in integrated communications devices.
Recent interest in optical force [5, 6] has even led to optical force based switching devices [4, 7]. Recent methods
include use of a silicon-based MDM channel with subwavelength slits for optical source and drain to create a SP based
optical modulator [1]. Another method uses a grating for the path of a SP and modulated the signal using a polymer
loaded with photochromic molecules [2]. Others have shown theoretically that ultrafast and compact all-optical switches
can be realized by means of a semiconductor gap-loaded nanoantenna [3]. Here we show an experimental realization of
a near-field enhanced semiconductor gap-loaded nanoantenna, creating an optical nanocircuit [8] — coupling two
different frequency antennas with a nonlinear active switching element. This method allows for switching of a 6.1 pm
beam with a telecommunications wavelength switch beam,

The quantum cascade laser (QCL) is a unipolar semiconductor laser that works on the principle of intersubband
transitions [9]. This laser is a compact semiconductor based laser source that emits light in the mid to far infrared. The
cavity mode is highly sensitive to the reflectivity of the facets [10, 11], which gives an attractive method for modulation
of the far field optical mode. There has also been recent increased interest in making plasmonic devices integrated with
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quantum-cascade lasers [12-15]. Some of these devices may be used for biosensing [14, 15], as many important
molecules have vibrational resonance in the terahertz [16]. In addition, plasmonic integrated QCL devices can be used
for laser beamshaping or steering [17].

We have previously performed modulation of laser light in the mid-wave infrared (MWIR, 6.1 pm) by a near-
field interaction at the hot spot of a plasmonic nanoantenna [11]. In this manuscript, a similar concept will be shown,
which is a type of infrared switchable plasmonic quantum cascade laser in which the far field light is modulated by a
near-field interaction by light at 1.55 pm. To achieve this, we used cross-polarized bow-tie antennas and a centrally
located photonic absorber: a germanium nano-slab (see Figure 1). The smaller bow-tie antenna focuses the short infrared
wavelength light into the gap region where the germanium is placed. We have shown previous focusing of bow-tie and
other structures into subwavelength “hot spots™ as is done here [5, 14, 15]. When the light is focused by the small bow-
tie, the intensity is enhanced, creating a large absorption in the small volume of germanium. As a result, free carriers are
generated inside the germanium, and it becomes lossy. The free charge dampens the electric field in the germanium,
which is in the center of the larger bow-tie, and is where the largest change in field intensity is observed in the
simulations (see Figure 2). Because the plasmonic mode of the antenna structure is strongly coupled to the cavity mode
of the laser and thus affects the reflectivity of the facet, the changing of the plasmonic mode thus affects the entire output
of the laser.

Figure 1 - Device concept, showing cross-polarized bow-tie antennas on facet of QCL. Larger bow-tie is resonant
with QCL output wavelength, smaller bow-tie is resonant with switch beam. Germanium absorber is placed

underneath gap region.
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2. DEVICE DESIGN AND SIMULATION

The antenna structure is placed on the front facet of the QCL so that we may focus the 1550 nm switch beam on
the antenna and record the 6.1 um signal out of the back facet of the laser as in our previous set-ups [8, 11, 14, 15, 18].
We have chosen bow-ties over previous nanorod and coupled nanorod antenna designs [14, 15] because bow-ties
resonate over a larger spectral range. They also offer an empty central region where a nonlinear photonic absorber may
be placed. The larger bow-tie antenna is resonant with the QCL at 6.1 pm wavelength and is aligned perpendicular to
the active region of the device. The output electric field of the QCL is aligned with the long axis of the larger bow-tie.
The smaller bow-tie is resonant with the incoming modulating light at 1550 nm and is aligned perpendicular to the first
bow-tie. There is a rectangular region (500 nm long, 250 nm wide, and 80 nm tall) of amorphous germanium below the
smaller bow-tie which acts as an absorber at 1550 nm. The bow-ties are made out of a single layer of aluminum so as to
avoid metal diffusion into the germanium layer below the smaller bow-tie antenna. There is a buffer layer of MgF,
below the entire structure to insulate the top and bottom contacts of the laser as well as to protect the facet of the laser.
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Figure 2 — Left) Simulated reflected E-Intensity signal near the antenna when 1550 nm probe signal is turned off.

(Right) — Simulated reflected E-Intensity signal near the antenna when 1550 nm probe signal is turned on

To analyze and optimize our design, we simulated the structure using three-dimensional FDTD software. All
material data used in the simulation, other than the laser region, is from reference [19]. For all simulations, a truncated
planewave is used. To optimize the design, a volume monitor is placed in the common gap region of the two antennas in
order to calculate the average electric field intensity (E-intensity) as a function of arm length. With this method, the
resonance length of the smaller antenna is found in the absence of the larger antenna. Then, the resonance length of
larger antenna is found in the presence of the smaller antenna with the previously obtained resonance length. Finally, the
resonance length of smaller antenna is found in the presence of larger antenna with the previously obtained resonance
length. Perfectly matched layer (PML) boundary conditions are used for all the simulations. In order to find the optically
induced plasma in the Ge slab, we have simulated the power absorption in the Ge for a given source intensity at 1.55 pm.
Using the Drude model, the free carrier concentration and subsequently the refractive index of Ge at 6.1 um wavelength
is obtained as a function of 1.55 um wavelength input optical power used in the experiment. Using the modified
refractive index, the depth of modulation, which is defined as the ratio of power reflectivity of the QCL when the probe
signal is turned on to when the probe signal is turned off, is calculated (see reflected signal plotted in Figure 2). The free
carrier lifetime 7 is considered as a fitting parameter in the equation AN=AP=G*t where AN and AP are the change in
carrier concentrations and G is the generation rate [20], to derive the same depth of modulation as demonstrated in the
experimental results. Using this method, we have found the free carrier lifetime to be ~15 ns. In the literature, carrier
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lifetime in Ge can vary drastically, from ms time scales in bulk Ge [21] to hundreds of nanoseconds for amorphous Si:Ge
alloys [22] or even near ps for amorphous Ge [23, 24] or ~5 ns for evaporated poly-crystalline Ge [25]. We do,
however, expect our experimentally determined lifetime to be on the lower end of this broad spectrum due to its
amorphous nature, large surface to volume ratio, and presence of metal on the surface. Figure 4 shows the good
agreement that this model achieves compared to the measured experimental data, with a single adjustable parameter — the
carrier lifetime. Figure 4a shows the depth of modulation versus input power while Figure 4b shows the depth of
modulation versus switch beam polarization. Figure 5a shows agreement with the frequency response of the small
antenna and the final device with no adjustable parameter. We have also done a detailed simulation of our multiple
quantum well structure and calculated the absorption of the structure in the near-infrared (NIR) to rule out the possibility
that the absorption in the NIR may be causing a change in the intensity of the output at 6.1 um. These simulations do
show absorption nearing 10° m™', however, only for wavelengths below 1.2 um for TE polarization and 1.1 pm for TM
polarization. At 1550 nm, the absorption for TE and TM polarization is on the order of 102 m” and 10* m’
respectively.

3. FABRICATION AND EXPERIMENT

After designing, simulating, and optimizing our structure, we have fabricated the test structure on the facet of a
QCL. The QCL used in the device is the same as the one used in reference [26], with injector. After cleaving, the laser
was mounted on a c-mount, and the laser facet was coated in an electron-beam evaporation chamber with layers of
MgF,/Ge. Next, focused ion beam milling (FIB) was used to mill out the isolated Ge rectangle on which the smaller
bow-tie antenna would eventually sit. Next, another e-beam evaporation was done to deposit an aluminum layer.
Finally, the antenna structure was milled out of the aluminum using a two-step process in FIB: first the smaller antenna
aligned to the germanium rectangle was milled using a low current (9.7 pA), then the large antenna was aligned to the
smaller antenna and milled at a high current (93 pA). The laser was tested at each possible stage during fabrication. The
final antenna design is shown in Figure 3 (right).

Laser ON
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Figure 3 — Infrared image (left) showing laser spot on right side (right antenna) and SEM image (right) showing
final fabricated device, rightmost antenna has best geometrical fabrication qualities.

We have constructed a two-way microscope setup for testing and characterization of the device. From the top
of the setup, there is an NIR camera allowing one to view the laser facet and simultaneously focus the modulation (1550
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nm wavelength) laser light onto the laser facet. From the bottom of the setup, there is a broadband inverted microscope
coupling the light from the laser facet to a visible camera and mercury-cadmium-telluride (MCT) detector, allowing
simultaneous viewing of the bottom facet of the laser and focusing of the beam of the QCL onto the MCT detector. We
have constructed three antenna devices on the facet of the QCL, as shown in Figure 3. When the beam is focused on the
rightmost device the highest change in signal is observed. We believe that the basis for this comes from the geometrical
characteristics of the device. The rightmost device has the best characteristics among the three and would lead to the
highest enhancement of light at 1550 nm, and therefore the highest absorption in the germanium.

We first observed the signal from the MCT detector on the oscilloscope with the 1550 nm source off and
recorded its signal. Subsequently, we turned the 1550 nm source on and recorded the output of the MCT detector on the
oscilloscope. When the 1550 nm source is on, there is a nearly 15% decrease in the peak signal of the QCL output. We
have further characterized the device through a sideband measurement method by modulating the 1550 nm laser at 200
Hz and recording the output of the MCT detector in an RF spectrum analyzer. As the QCL is operating in pulsed mode
at 0.5% duty cycle (103 kHz, 50 ns pulse width), we observe a main peak at 103 kHz. When the 1550 laser is on, we
observe two sidebands at £200 Hz with respect to the main peak. We have recorded the amplitude of the signal in dBm
on the spectrum analyzer and converted it to a linear scale in Watts to observe the effect of the 1550 nm light on the
modulation of the mid-infrared output of the QCL. We have varied the 1550 nm switch beam laser power, measured the
output depth of modulation, and plotted the result in Figure 4a. It can be found through the Drude model that &4 ; oc / 155
where &4 is the permittivity at 6.1 pm and /; 55 is the light intensity at 1.55 pm. Using the above relation in our FDTD
simulation, we observe a quadratic relationship between depth of modulation and /;ss. This is in concert with the
experimental data (Figure 4a). We have also varied the polarization of the switch beam at 1550 nm. Figure 4b shows
well matched results between the measured power and the expected sin’0 relationship (where 0 is the angle between the
incident electric field and the long axis of the bow-tie as shown in Figure 1). This is due to the cross polarization
relationship between the incoming switch beam and the smaller resonant bow-tie polarization axis. We believe that the
nonzero experimental signal observed at zero degrees polarization is due to experimental artifacts, such as imperfect
shape of the bow-tie (different from simulation), surface roughness at all interfaces, and imperfect alignment. All of
these factors could create plasmonic enhancement greater than zero at zero degrees polarization. Finally, we have varied
the switch beam wavelength around 1550 nm, and recorded the output depth of modulation On the right axis, we have
plotted the intensity enhancement of the smaller bow-tie given that the resonance of the smaller bow-tie is the main
factor in the frequency response of the device. The simulation and experimental data agree well, both peaking near 1580
nm. Figure 5b shows the difference in signal on the oscilloscope when the switch beam is switched on. A difference in
magnitude of 1.25 mV is obtained, in reference to a “before” signal of ~8 mV. This accounts for a depth of modulation
of ~15%, with an input switch power of 70 pW/um?”. The length of the pulse is ~50 ns, limited by heating in the laser
core that is operated at 103 kHz for a 0.5% duty cycle. In Figure 4a-b, the power of modulation (left axis) is partly
limited by the duty cycle and total power output of the QCL. It is also limited by the responsivity of the MCT detector
used in the setup.
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Figure 4 - (A) Sideband power versus power of 1550 nm modulation signal. Left axis shows experimental signal

power, right axis shows simulation data. Experimental signal power (left axis in a-b) is limited by duty cycle and

total power output, also it is reduced by the responsivity of MCT detector. (B) Sideband power versus

polarization of 1550 nm modulation signal. Left axis shows experimental signal power, right axis shows

simulation data.
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Figure 5 - (A) Sideband power versus wavelength of modulation signal. Data is centered and averaged over
several measurements. Left axis shows experimental signal power, right axis shows simulation data. (B) Time
response of modulated signal, showing difference in [Off] minus [On] states. [Off] nominal peak is near 8§ mV, so

depth of modulation is nearing 15 percent.
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4. DISCUSSION AND CONCLUSION

We have considered different recombination mechanisms that are proportional to first, second, and third powers
of free carrier density [27] (e.g.: Shockley-Read-Hall, radiative, and Auger recombination). In bulk single-crystal
germanium, the linear term is dominant up to carrier densities of N~0.5x10'" cm™ [21]. Therefore, we first assumed the
linear term is dominant in our experiment and calculated the density that fits our experimental results. The resulted value
is about 1x10' ¢cm™ at a carrier lifetime of about 15 ns. Considering the large surface effect in our submicron Ge piece,
and the fact that it is amorphous, we think the linear term is certainly dominant. It also produces a very good fit to our
experimental data (see Figure 4a).

We have observed a maximum modulation depth of ~15% at the maximum power of 70 uW/um?. This results
in a switching energy of 8.4 pJ, in line with other all-optical switches [2, 3]. One way to improve the modulation depth
would be to use a pulsed laser, which would allow for a higher carrier density. Lastly, by reducing the volume of the
germanium to cover only the volume beneath the smaller bow-tie hotspot, rather than the entire area below the smaller
bow-tie, we could increase the depth of modulation. This would create a higher carrier density because the carriers
would have less volume to diffuse over and the loss would increase, which would increase the change in the optical
properties of the larger antenna when switched.

In conclusion, we have designed, simulated, fabricated, and experimentally characterized a QCL with an
integrated nonlinear optical antenna, which is switchable via a telecommunications wavelength laser. This device shows
a viable optical method to modulate the far field of a laser through a near-field interaction, as in our previous device [11].
We have characterized the device for optical power, polarization, and wavelength dependence. We have determined that
the effect is not due to absorption in the quantum wells. This device is a realization of an optical nanocircuit — coupling
two different frequency antennas with a nonlinear active switching element. Because of the wide-ranging usefulness for
terahertz and short-wave infrared laser modulators, we believe such a device could be very useful in many applications
from telecommunications [28] and free space communications [29] to range-finding [30].
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