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Terahertz out-of-plane coupler based on compact spot-size
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Low-loss dielectric terahertz (THz) chips are efficient platforms for diverse THz applications. One of the key elements in the
chip is the coupler. Most of the available THz couplers are in-plane and couple the THz wave from the metal waveguide to the
dielectric waveguide. However, out-of-plane couplers are more suitable for wafer-scale testing and tolerant of alignment
variation. In this work, we propose an out-of-plane THz coupler for coupling the antenna to the dielectric waveguide. The
device is constructed using a grating and a compact spot-size converter. As the conventional optical spot-size converters
that apply directly to THz chips are too large, we have designed a compact spot-size converter based on a tapered wave-
guide with a lens. The total device is 2.9 cm long and can couple a7 mm diameter THz beam to a 500 pm wide waveguide. The
device can scan the THz beam, radiate the input rectangular waveguide mode to free space, and drive the rotation angle of
the fan beam through the scanning frequency. We fabricated the device using a single lithography step on a silicon wafer.
The out-of-plane coupling efficiency was found to be ~5 dB at 194 GHz. The fan-beam steering range was found to be around
40° in the frequency range of 170-220 GHz. The proposed out-of-plane coupling technique may provide an effective way for
THz wafer-scale testing with a higher degree of freedom for on-chip integration. Also, the proposed technique being non-
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1. Introduction

Integrated terahertz (THz) devices are capable of improving sys-
tem performance in security imaging, high-speed communica-
tion, molecular spectroscopy, and other applications!"?.
Various THz circuits including conventional microstrip lines!*/,
coplanar waveguides'**!, substrate-integrated image guides
(SIIGs)!®”), and spoof surface plasmon polariton (SSPP) wave-
guides’®"*! have been reported. Metallic waveguides suffer
from high ohmic losses at the THz band!**"'®!. They are costly
and difficult to fabricate. Thus, the all-dielectric chips are pre-
ferred. As the all-dielectric chips are based on guided-wave
optics, they are reasonably efficient. However, it is not possible
to independently operate the THz dielectric functional circuits
due to the difficulties in the on-chip generation and detection
of THz radiation. Usually, the dielectric functional circuits are
connected to the conventional THz rectangular metallic wave-
guides or antennas. Hence, it is necessary to develop the THz
couplers with high efficiency. Recently, different types of THz
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mechanical, beam steering using it, may therefore find applications in THz radar, communication, and sensing.

Keywords: terahertz device; grating coupler; spot-size converter; beam steering.

couplers have been reported, including inverse-taper wave-
guides'"”), Luneburg lenses'*”, and directly coupled couplers'*!).
All of these couplers work on the principle of coupling the THz
wave through the chip facet in-plane. However, out-of-plane
couplers can be used directly to inject and extract THz waves
at arbitrary locations on the chip, which is very important for
on-wafer testing. A promising approach is to couple the light
to (or from) a chip via a diffraction grating with a spot-size con-
verter formed on the chip surface. This technique is widely used
in the optical domain!®*~), Interestingly, the diffraction grating
structures have good beam steering properties'>”**). However,
this coupler will be very large in size in the THz frequency range,
probably more than 10 cm in length, due to the large wavelength
of the THz wave. Thus, it will be difficult to integrate the coupler
with other THz functional devices on a single wafer.

In this paper, an out-of-plane coupler for coupling the THz
antenna and planar dielectric waveguide is proposed. The cou-
pler consists of a uniform grating and a compact spot-size
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converter. The THz antenna used is a standard horn antenna.
The antenna length is 26.314 mm, and the aperture size is
9.55mm X 12.548 mm. To match the incident-beam size, the
coupling grating is fabricated on a high-resistivity silicon wafer
having the dimension of 1 cm wide and 1 cm long. A THz single-
mode silicon waveguide is ~500 pm wide!!, Hence, a spot-size
conversion for 1 cm and 500 pm wide waveguides is required.
However, due to the large wavelength of the THz wave, the tradi-
tional taper waveguide is too long to be integrated on a wafer.
Spot-size converters with lenses that are compact and efficient
to focus the guide mode in the dielectric waveguide have been
analyzed theoretically®®. In this work, we have experimentally
verified the concept by employing it in our coupler design at the
THz band. The converter is smaller than one-tenth of the tradi-
tional taper. The total length of the coupler is 2.9 cm, which
results in simpler fabrication on a single silicon wafer. The cou-
pling loss has been found to be ~5 dB at 194 GHz. We also dem-
onstrate the fan-beam steering application of the devices. The
steering range of the beam radiated from the grating in the fre-
quency range of 170 GHz to 220 GHz is about 40°. The device is
fabricated using a single lithography step on a silicon wafer,
which is simple and low cost.

2. Principle and Design

Figure 1(a) shows the schematic of the device fabricated on a
silicon wafer. The wafer is 470 pm thick and etched with a depth
of 340 pm. The device consists of two couplers connected by a
ridge waveguide. A 500 pm wide ridge waveguide is designed to
achieve single-mode operation, which is usually used in inte-
grated devices. Each coupler is formed by a grating and a com-
pact spot-size converter with the lens. One grating couples the
THz wave radiated from a horn antenna into a multi-mode
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waveguide. The spot-size converter is used to couple the input
wave from the multi-mode waveguide to the single-mode wave-
guide. Another coupler couples the THz wave back to another
horn antenna. As we introduce a lens into the spot-size con-
verter, the length of the taper reduces significantly. Figure 1(b)
shows the illustration of the spot-size converter with the lens.
The filling factor of each unit can be adjusted to form a wave-
guide lens and focus the input THz wave. This coupler can be
used as the fan-beam steering device, as shown in Fig. 1(c).
The THz wave is driven from the ridge-shaped waveguide
and radiated into free space through the grating structure,
and the resulting beam is controlled by frequency scanning.

We first designed the uniform grating, and the principle of the
Bragg grating can be expressed as'>”’

mi

A= m=0,£1,+2..., (1)

Heg — Sin 6’

where A is the period of the grating, m is the diffractive order,
and ng and 6 are the effective refractive index and the angle of
incidence, respectively. Following Eq. (1), we can calculate theo-
retical grating parameters for the center frequency of 187 GHz.
Then, we optimized the grating structure based on finite-differ-
ence time-domain (FDTD) solutions from Lumerical using a
Gaussian source with a waist radius of 3.5 mm and an incident
angle of 9°. The optimal parameters in the inset of Fig. 2(a) are as
follows: grating period (A) is 0.96 mm, duty cycle (d/A) is 0.5,
and grating width L, is 1 cm. The number of grating periods is
10. The total grating area is about 1cm X 1 cm. As shown in
Fig. 2(a), the coupling efficiency at 187 GHz is —4.65 dB, and
the 3 dB bandwidth is 8.5 GHz. This coupling efficiency is
obtained by calculating 10 log(P,,/P;,) in the simulation,
where P;, is the output power of the Gaussian source, and
P is the useful power coupling into the waveguide through

Fig. 1. (a) Schematic of the device consists of two horn antennas, uniform gratings, and spot-size converters with a lens. (b) lllustration of the spot-size converter

with a lens. (c) Schematic of the fan-beam steering application.
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the grating. According to Eq. (1), the central frequency for dif-
ferent grating parameters can be estimated. However, in order to
observe the results more accurately, we also simulate the cou-
pling efficiency for different duty cycles and etching depths. It
may be observed from Fig. 2(b) that the central frequency shifts
toward a lower frequency, as the duty cycle was increased from
0.4 to 0.6. We can see some sawtooth in it, and this is because of
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Fig. 2. (a) Simulated coupling efficiency spectrum of grating. The coupling efficiency for different (b) duty cycles and (c) etching depths.

200 0

the large scanning step. The scanning step of the duty cycle is
0.02. Figure 2(c) shows that the central frequency shifts to the
higher frequency as the etching depth increases. Because the
etching depth is not changed in a large range, the maximum cou-
pling efficiency is not greatly affected.

To reduce the length of the device, we designed a compact and
efficient spot-size converter with the lens. The purpose of using
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Fig. 3. (a) Calculation and simulation filling factors of each unit. (b) Conversion efficiency of the designed spot-size converter with a lens and the traditional
adiabatic converter without lenses of different lengths. (c) Coupling efficiency of the whole structure including two designed couplers connected by a 6 cm long
waveguide. (d) Normalized optical power distribution in the device at 192.857 GHz. (e] Input optical field distribution of the spot-size converter. (f) Output optical

field distribution of the spot-size converter.
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Fig. 4. (a) Optical image of our device with two out-of-plane couplers and a straight waveguide. (b) The optical image of a traditional coupler without a lens.
(c] Experimental setup for coupling efficiency measurement of device under test (DUT). (d) Measured normalized coupling efficiency of devices with and without

a lens.

the lens is to change the effective refractive index of the structure
for phase compensation so that the input THz wave could be
focused on the spot-size converter. As shown in Fig. 1(b), the
lens consists of a periodic silicon block and air slits. Each unit
has uniform period (T) and lens thickness (D) but different
air slit width (W). According to the Fermat principle and effec-
tive index method (EIM), the effective index of each unit is
approximately determined as follows:

Mehick D + MiniacF = 1, D + N M, (2)
where 1y, is the effective refractive index of the 470 pm planar
waveguide, n,, is the effective refractive index of the mth unit,
which can be seen in Fig. 1(b), F is the distance from the central
unit to the focus, and M is the distance from the mth unit to the
focus. For all of the units, the light path from the incident light to
the focus is equal. The effective refractive index of units can be
tuned by the air slit width and approximately calculated by

o = e+ (1= F )t (3)
where f,, is the filling factor of the mth unit, which is determined
by the ratio of slit width (W) to period (T). The effective refrac-
tive index of the 130 pm planar waveguide is ny,.

Following Eqgs. (2) and (3), we calculated the approximate fill-
ing factors of 31 units, as shown by the blue curve in Fig. 3(a).
The period (T) and thickness (D) of the lens were 0.3 mm and
1.4 mm, respectively. The focal length (F) was 10 mm. We per-
formed a numerical simulation to optimize the filling factors of
units and the length of the tapered waveguide at 187 GHz. Since
the tapered waveguide was employed in the converter, the
variation gradient of the filling factor is slightly different from
the calculation result, which is shown by the red dots in
Fig. 3(a). The conversion efficiency reaches a maximum of
—0.3 dB when the taper is 10 mm long, as shown by the blue
curve in Fig. 3(b). This conversion efficiency is obtained by cal-
culating 10 10g(Piens_out/Plens_in)> Where Piey in is the input
power of the lens, and Pje, oy is the output power of the lens.
To compare with our device, we also simulated a traditional
adiabatic tapered waveguide, as shown by the red curve in
Fig. 3(b). The conversion efficiency increases with the taper
length. To achieve the same conversion efficiency as our device,
the taper length needs to be around 10 cm, which is too long to
be integrated on a wafer.

Then, we simulated the whole structure, including two
designed couplers connected by a 6 cm long waveguide.
Figure 3(c) shows that the coupling efficiency of the whole
structure can reach —9.2 dB at 192.857 GHz. The 3 dB coupling
bandwidth is about 14 GHz. The normalized optical power
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distribution of the device with the lens is shown in Fig. 3(d).
Figures 3(e) and 3(f) show the input and output optical field dis-
tributions of the spot-size converter, respectively. The optical
mode is found to be well concentrated into the signal mode
waveguide, and the size of the optical mode is significantly
reduced to ~0.5 mm. The simulation results show that the struc-
ture size can be reduced after adding the slit silicon lens.

3. Experimental Results

The device was fabricated on a 6 inch (1 inch = 2.54 cm) high-
resistivity wafer, which is 470 pm thick and double-sided pol-
ished. The dielectric constant is 11.7, and the resistivity is more
than 5 kQ-cm. The wafer is etched with a depth of 340 pm to
form ridge waveguides by the deep reactive ion etching (DRIE)
process. The optical image of the device with the lens is shown

Table 1. Comparison of Various Terahertz Silicon Waveguide Couplers.

Vol. 20, No. 2 | February 2022

in Fig. 4(a). There are two compact couplers, and the length of
the connecting waveguide between them is 6 cm. Figure 4(b)
shows the optical image of the traditional coupler without a lens.
The coupler structure is 11.9 cm long, which is obviously hard to
integrate with other THz devices on a 6 inch wafer. Figure 4(c)
shows the experimental setup for coupling measurement.

We used an Agilent N5227A PNA network analyzer, a set of
WR-5.1 140-220 GHz expanders, and a pair of WR-5.1 horn
antennas to characterize the coupling performance of the device.
After the calibration, the horn antennas were connected to hol-
low metallic waveguide ports. Then, we used the four-axis align-
ment stage to adjust the coupling angle and the distance between
horn antennas and gratings. The connected waveguide is 6 cm
long, and the transmission loss of the waveguide in the TM
mode was about 0.054 dB/cm!?!). Therefore, the loss of the con-
nected waveguide is negligible. Notably, the loss of two antennas
should be taken into consideration because it could reach about

Structure Description Device Size (mm?) Coupling Efficiency (dB) Bandwidth (GHz) Ref. Note

Inverse-taper waveguides 0.403 —042 >60 [19] In-plane

Luneburg lenses ~368 -7 70 [20] In-plane

Directly coupled coupler None —4 >20 (21 In-plane

Grating coupler 290 -5 25 This work Qut-of-plane
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Fig. 5. (a) Simulated electric field steering distribution of the beam for frequency variation. (b) The experimental setup of the fan-beam steering. (c) The mea-
sured electric field steering distribution of the beam for frequency variation. Measured electric field distributions of the beam at different frequencies of
(d) 180 GHz, (e) 190 GHz, and (f) 200 GHz.
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9 dB. Under this situation, we normalized the test results, and
the measured normalized coupling efficiency of the device using
couplers with the lens is shown in Fig. 4(d) by the red curve. It is
observed that the maximal transmission reaches —10dB. The
coupling efficiency of one coupler proposed in this paper is
around —5 dB. Compared with the simulation results, the center
frequency is shifted to 194 GHz, and the 3 dB bandwidth is
reduced to 2.5 GHz. We also measured the coupling efficiency
of the coupler without a lens, as shown in Fig. 4(d) by the blue
curve. Due to the long spot-size converter and connected wave-
guide, the maximal coupling efficiency of this coupler could only
reach —6.5 dB. The results indicate that our device is extremely
compact and has a lower loss. The coupling efficiency of our
coupler is close to that of the uniform grating devices in optical
bands"®!), and special designs can be used to improve the cou-
pling efficiency in the future!**). Table 1 lists the comparison of
our device with various reported THz couplers including
inverse-taper waveguides, Luneburg lenses, and directly coupled
couplers. The main advantage of our work is that it provides an
out-of-plane coupling in the THz band.

Finally, we demonstrated the fan-beam steering application of
the grating. The illustration of the beam steering application has
been shown in Fig. 1(c). According to Eq. (1), the angle of the
diffraction light beam (@) will increase with the frequency.
Numerical simulation results show that within the frequency
range of 170-220 GHz, the steering range of the near-field beam
can reach ~40° in the € direction, as shown in Fig. 5(a). Figure 5
(b) shows the experimental setup. The THz wave is coupled end-
to-end into the ridge-shaped silicon waveguide, and a rectangu-
lar waveguide probe is used as a receiver to obtain the electric
field distribution of the beam radiated from the grating. The dis-
tance between the probe and the grating is 5 mm, and the x-y
plane scan range is 2 cm X 2 cm, which resulted in 39 X 39 pix-
els. As shown in Fig. 5(c), the experimental fan-beam steering
range is around 40° in the frequency range of 170-220 GHz.
We show the normalized beam profiles of the electric field dis-
tributions of 180 GHz, 190 GHz, and 200 GHz in
Figs. 5(d), 5(e), and 5(f), respectively. It can be seen that the elec-
tric field is mainly distributed at y =1.2 cm, i.e., right in the
middle of the grating. The radiated beam moves to the right
along the x axis as the frequency increases, i.e., the steering angle
increases. Note that the electric field steering distribution in
Fig. 5(c) was extracted from the electric field of each beam of
a different frequency at y = 1.2cm. Thus, THz beam steering
application could be obtained using the device.

4. Conclusion

In this paper, we proposed and demonstrated a THz out-of-
plane coupler with a compact spot-size converter. The total
length of the device is 2.9 cm, which is much shorter than the
coupler with a traditional spot-size converter. Experimental
results show that the coupling efficiency is ~5dB at 194 GHz,
and the beam steering range is about 40° from 170 GHz to
220 GHz. Therefore, the devices provide out-of-plane coupling
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and fan-beam steering of THz dielectric chips. We believe that
the proposed structure will contribute to the development of
THz integrated devices, especially silicon-based devices.
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