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Abstract: We propose a compact fiber-pigtailed InGaAs photoconductive
antenna (FPP) module having an effective heat-dissipation solution as well
as a module volume of less than 0.7 cc. The heat-dissipation of the FPP
modules when using a heat-conductive printed circuit board (PCB) and an
aluminium nitride (AIN) submount, without any cooling systems, improve
by 40% and 85%, respectively, when compared with a photoconductive
antenna chip on a conventional PCB. The AIN submount is superior to
those previously reported as a heat-dissipation solution. Terahertz time-
domain spectroscopy (THz-TDS) using the FPP module perfectly detects
the absorption lines of water vapor in free space and an a-lactose sample.
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1. Introduction

Compact, lightweight, and cost-effective terahertz (THz) spectroscopy and imaging systems
have gradually become desired for use in outdoors or mobile situations such as in the fields of
security, non-invasive testing, food and agricultural goods quality control, and environmental
monitoring. Fiber-coupled THz systems are one of the solutions. They have lower cost, higher
stability, and more portable compared with free-space THz systems, because they have
movable THz emitters and detectors [1].

Recently, a number of compact THz emitting and detecting systems and their component
modules have been developed. In such systems, there have been various descriptions of fiber-
coupled THz spectrometers [1-7]. Owing to the versatility of their long-wavelength optical
components, compact size, and cost-effectiveness, InGaAs-based fiber-coupled terahertz
time-domain spectroscopy (THz-TDS) systems such as those presented in refs [1-3]. are
considered promising. Three types of fiber-connected photoconductive antenna (PCA)
modules for these systems have been introduced [8—11]. One is a butterfly-type fiber-pigtailed
THz transmitter module measuring 1” x 0.5” x 0.5” and weighing a couple of ounces [8,9].
Another comprises miniaturized THz generator and detector heads whose electrical and
optical parts are fixed by epoxy in the limited volume of the module [10]. The third has two
input optical fibers connected to the THz emitter and receiver, respectively, but they can be
adjusted using built-in adjustment screws [11]. In addition, compact and broadband
continuous-wave (CW) THz optical beat sources such as a monolithic dual-mode distributed
feedback semiconductor laser, 1.55 um detuned dual-mode laser diode, and dual-wavelength
Er’*-doped fiber laser have been also developed to realize handheld THz modules [12-16].

In this paper, we propose a compact fiber-pigtailed InGaAs PCA (FPP) module having a
small form factor and a highly heat-conductive submount. Temperature distribution images of
the fabricated PCA chips were observed by a mid-infrared (MIR) camera. Finally, we present
the experimental results of THz-TDS measurements of free space water vapor and of an a-
lactose sample, using the proposed FPP module.

2. Fiber-pigtailed InGaAs PCA module

Figures 1(a) and 1(b) show a photograph of this FPP module and its cross-sectional schematic
view, respectively. The FPP module consists of a log—spiral antenna-integrated low-
temperature grown (LTG) InGaAs PCA chip, heat-conductive submount, high-resistivity
hyper-hemispherical Si lens, single-mode fiber assembly with an aspherical glass lens (A-
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lens), a miniature coaxial cable, and a module housing. The assembly process of the FPP
module was as follows: First, the PCA chip and the heat-conductive submount were bonded
together using a flip-chip bonding process. Then, the submount was attached onto the body of
the module housing, and the bias pads of the submount were connected with a miniature
coaxial cable. A Si lens was placed on the bottom surface of the PCA chip, and fixed with the
cover screw of the module housing. Finally, the entire module housing was actively aligned
and welded to the fiber assembly with the A-lens, using a laser welding technique. We note
that the active-alignment between the active area of the PCA chip and the fiber core of the
fiber assembly must be precise before laser welding. The active-alignment was necessary to
monitor and find the maximum value of the PCA photocurrent, when a bias voltage of 0.1 V
was applied and an optical beam with a power of 5 dBm was adjusted and focused to the
active area of the PCA chip.

The proposed FPP module has a small form factor, with a volume as small as under 0.7 cc,
which does not include the single-mode fiber assembled with ferrule and boot. The heat-
conductive submount in the module adopts a specially designed heat dissipation structure for
cooling the active area of the PCA chip. It needs to effectively dissipate heat generated at the
active area of the PCA during operation, because generated heat can be one factor that
degrades the performance of the InGaAs PCA. As depicted in Fig. 1(b), the A-lens in the fiber
assembly was tilted at an angle of 4° toward the PCA chip to reduce the return loss to less
than —40 dB.

module housing

coaxial cable B Silens

PCA

angled fiber A-lens
submount

(@ (b)

Fig. 1. (a) Photograph of fiber-pigtailed InGaAs PCA (FPP) module and (b) cross-sectional
schematic view of FPP module.

The LTG-InGaAs PCA assembled in the FPP module was fabricated through the
following process: A 1.2-pm-thick Be-doped InGaAs layer was low-temperature grown on
semi-insulating InP substrates using a molecular beam epitaxy (MBE) system. The surface of
the LTG-InGaAs layer was passivated using a SiN, layer to reduce dark current, except for a
central active area of about 10 x 10 pm”. An antenna and 10 solder pads were then formed by
depositing 30-nm-thick Ti, 10-nm-thick Pt, and 450-nm-thick Au. The 10 solder pads were
used to bond the PCA chip onto the submount using the flip-chip bonding process. To
increase the electric field strength at the active area, an interdigitated finger structure can
additionally be formed. A 200-nm-thick SiN, layer was deposited as an anti-reflection coating
and solder dams. The SiN, layer deposited on the solder pads of 10 circles, as shown in Fig. 2,
was patterned and removed to form the solder dams, which were used to suppress the
spreading-out of solders when they reflow during heating. The carrier lifetime of the LTG-
InGaAs PCA sample was measured to be 1.7 ps. The size and thickness of the LTG-InGaAs
PCA were 2.2 x 2.2 mm” and 0.35 mm, respectively. The fabricated LTG-InGaAs PCA and
the schematic of the solder dams are in Fig. 2.
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Fig. 2. Microscopic image of LTG-InGaAs PCA and schematic of solder dam

We used two types of heat-conductive submounts. The first was a heat-conductive printed
circuit board (PCB) submount, the diameter and thickness of which were 7 mm and 1 mm,
respectively. Heat transfers through a plurality of grounds (GND) via-holes and GND planes
connected to the solder pads of the PCB. The GND plane of the bottom side of the PCB was
attached onto the body of the module-housing using a thin coating of silver epoxy. Using the
flip-chip bonding process depicted in Fig. 3(a), the PCA chip and the PCB were connected
electrically and mechanically. The solder pads of the PCA chip and the solder balls of the
PCB were bonded in self-passive alignment at a defined temperature and time (for example,
240 °C, 25 s). Shear strength test results, shown in Fig. 3(b), were observed to be as good as
around 3 kgf (MIL-STD-833 compliance: 2.5 kgf) when the number of PCB solder balls used
was 10. It was clear that to satisfy the MIL spec., the number of solder balls should be equal
to or greater than 10.
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Fig. 3. (a) Flip-chip bonding process and (b) shear strength test results for various solder and
pad sizes and number of solder balls of PCB.

The second type of submount was an aluminium nitride (AIN) submount. We chose the
number of solders as 10 based on the above shear strength test results of the heat-conductive
PCB. The dimensions and thickness of the AIN submount were 4 x 3 mm’ and 0.5 mm,
respectively. The central hole and the half-circle outer hole in the AIN submount were used
for optical coupling and electrical cabling, respectively, and were formed by laser drilling.
AuSn (5-um-thick) as the solder and TiW/Pd/Au as the solder pad base metal were patterned
and deposited on the AIN submount surface. Figures 4(a) and 4(b) show photographs of an
AIN submount before and after bonding to a PCA chip by the flip-chip bonding process
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(Kalsuss, FC150) using a heating temperature of 320 °C and a heating time of 60 s. The shear
strength of the AIN submount was considerably higher than that of the heat-conductive PCB.

Magn Det WD ——— | 1mm
286x  SE 157

(@) (b)

Fig. 4. (a) Photograph of fabricated AIN submount and (b) SEM image after bonding to PCA
chip by flip-chip bonding process, where heating temperature and heating time were 320 °C
and 60 sec, respectively.

3. Thermal characteristics of the FPP module

Heat generated in the active area of the PCA must be dissipated to increase SNR and
performance in THz systems; inefficient heat dissipation from the PCA will result in thermal
degradation. Thermal degradation is one of the factors that limit PCA performance. The
sources of this heat are the optical energy absorbed by the active area of the PCA and joule
heating due to the photocurrent. Furthermore, in narrow-band-gap materials such as InGaAs,
the THz output power of the PCA can also be limited by joule heating from the dark current
[17]. Therefore, heat dissipation is vital for InGaAs PCAs because the bias voltage applied at
the PCA is limited by the heat generated due to the electrical current [18].

First, we obtained temperature distribution images using a MIR camera (FLIR Systems,
Thermo Vision A40M) for three different PCA chip configurations to investigate their
dynamic heat characteristics. These three configurations were a PCA chip only, a PCA chip
on the heat-conductive PCB, and a PCA chip on the AIN submount, operated under the same
conditions with an optical CW pumping power of 19 dBm and a bias of 3 V. The compliance
current was 2 mA. The temperature distribution images are shown in Fig. 5. In the case of the
PCA chip only, which was laid on a PCB substrate without any heat-conductive submounts,
the surface temperature of the chip increased by up to 7 °C. In the case of the PCA chip on the
heat-conductive PCB, the surface temperature of the chip increased by 3 °C. For PCA chip on
the AIN submount, the surface temperature of the chip increased by less than 1 °C. As a
result, the amounts of heat-dissipation of the FPP modules due to using the heat-conductive
PCB and the AIN submount without any cooling systems improved by 40% and 85%,
respectively, when compared to the PCA chip only. Furthermore, the measured current of the
PCA chip on the AIN submount increased only by a negligible amount. However, both
currents for the PCA chip only and the PCA chip on the heat-conductive PCB continuously
increased until the compliance current was reached. These results confirmed that not only the
AIN submount would be an excellent heat dissipation solution but that the heat-conductive
PCB would also be good.
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AIN submount

Fig. 5. Temperature distribution images for three PCA chip configurations, taken with a MIR
camera when optical pumping power of 19 dBm and bias of 3 V were applied to the chips. The
compliance current was limited to 2 mA.

We also measured THz signal as a function of photocurrent for two FPP emitter modules
with different submounts to verify which submount was more effective, using our THz-TDS
setup [3]. The emitter photocurrent was controlled by a certain amount of bias voltage which
was maintained for 10 min every step. In the case of the heat-conductive PCB submount,
when emitter photocurrent reached about 5.9 mA, it abruptly increased up to a compliance
current of 10 mA and THz signal simultaneously decreased from 1.76 nA to 1.62 nA, as
shown in Fig. 6. However, there was no a dramatic increase point of emitter photocurrent
until a compliance current of 10 mA for the AIN submount.

Detected THz signal (nA)

—m— Heat-conductive PCB submount
—e — AIN submount
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Fig. 6. Detected THz signal as a function of photocurrent for two FPP emitter modules with
different submounts, with inset showing emitter photocurrent characteristics for the heat-
conductive PCB submount, where a certain amount of bias voltage increases every 10 min.
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4. Experimental results of THz-TDS

We set up a fiber-coupled THz-TDS system using the FPP modules with the AIN submounts
as emitter and detector. Divergence-type Si lenses in the modules and two parabolic mirrors in
the system were used to generate a collimated THz wave. The free-space distance between the
emitter and the detector in the THz-TDS setup was 210 mm. An optical average pumping
power of 9 dBm, optical average probing power of 6 dBm, a bias peak-to-peak voltage of —
10-10 V, and an emitter photocurrent of 0.6 mA were applied to the THz-TDS setup.

Figure 7(a) shows time trace data of free space measured using the THz-TDS containing
the FPP module, and Fig. 7(b) is its corresponding fast Fourier transform (FFT) amplitude
spectrum, where the time delay step and the frequency resolution were 0.1 ps and 2.44 GHz,
respectively. The multi-poled time signal trace observed in Fig. 7(a) is estimated to be due to
the log-spiral antenna. As shown in Fig. 7(b), absorption lines of water vapor in the free space
were clearly detected at 557, 752, 988, 1097, 1113, 1163, 1208, 1229, 1411, 1602, 1661,
1669, 1717, and 1762 GHz in conditions of a relative humidity of about 40% and room
temperature [19]. These results show that the THz radiation bandwidth of the fabricated FPP
modules will likely be sufficiently higher than 2 THz.
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Fig. 7. (a) Time trace data of free space and (b) its FFT amplitude spectrum measured using
fiber-coupled THz-TDS containing FPP module. The time delay step and the frequency
resolution were 0.1 ps and 2.44 GHz, respectively.

We prepared o-lactose and polyethylene (PE) pellets as test and reference samples,
respectively. Figure 8(a) shows the FFT amplitude spectra of a 100% PE sample and a 10% o-
lactose sample containing a 90% PE (the identical weight of the above 100% PE) with
thicknesses of 3.19 and 3.35 mm, respectively. The test and reference samples were placed
and measured at the center position between the two parabolic mirrors. Figure 8(b) shows the
absorption coefficient of the a-lactose sample as calculated from the results in Fig. 8(a). As
shown in Fig. 8(b), absorption lines of a-lactose were finely resolved at 532, 1198, and 1369
GHz [20,21].
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Fig. 8. (a) FFT amplitude spectra and (b) absorption coefficient of a-lactose sample, obtained
from fiber-coupled THz-TDS containing FPP module. The time delay step and the frequency
resolution were 0.1 ps and 2.44 GHz, respectively.

5. Summary

We have proposed a compact fiber-pigtailed InGaAs PCA (FFP) module. The module has a
small volume of less than 0.7 cc, integrated and connected to single-mode fiber for optical
input and a miniature coaxial cable for electrical input. The FFP module also has an effective
heat dissipation solution. According to experimental results, the amounts of heat-dissipation
of the FPP module due to use of either a heat-conductive PCB or an AIN submount, without
any cooling systems, were improved by 40% and 85%, respectively, when compared with a
PCA chip on a conventional PCB. The THz-TDS using the FPP module with the AIN
submount finely detected absorption lines of nearly 2 THz for water vapor in free space, and
532, 1198, and 1369 GHz for an a-lactose sample. These results showed that the capability of
the fabricated FFP module would likely be sufficiently greater than 2 THz.
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