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Abstract: This paper presents a novel flip-chip (FC) structure design for 340 GHz Schottky diode detectors,
which was designed and fabricated based on the gallium arsenide ( GaAs) process. A ceramic thin-film supporting
layer was used to provide a package for such detector. Conductive adhesive is typically used as attachment material
between the antenna and output circuit. The behaviour of terahertz (THz) detectors with and without the novel FC
structure was studied. For comparison, the FC structure model and wire bonding structure one ( free of FC) were
characterized using the same test system. A comparison analysis for the gains of the THz detector measured with

and without the ceramic thin-film layer indicates that the novel FC structure offers a low-cost and practical solution

LV Xin'

for packaging the array of THz detectors.
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Introduction

Terahertz (THz) band imaging provides vast poten-
tial for many attractive applications in the fields such as
medicine, biology, security, and astronomy. The resolu-
tion of THz-scale imaging depends on the number of de-

tector array elements in the system''’. High quality, low-
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cost and practical packaging technology is thus required
for these detectors. Field-effect transistor ( FET)-based
detectors are not faced with any packaging problem, but
their current levels in the FET channels are relatively
small compared with the noise current levels in typical
biased source-drain channels, and also the detectors re-
quire lock-in amplifiers with narrow bandwidth in every

channel? . Integrated planar THz antennas with Schottky
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diodes are important detector devices for THz focal plane
imaging at room temperature . Schottky-barrier diode
(SBD) receivers have worse noise temperatures than both
cooled hot-electron bolometer (HEB) receivers and super-
conductor-insulator-superconductor ( SIS) mixers'* | but
SBD operation without cooling offers opportunities to use
SBD receivers in different mm-wave and sub-mm-wave
applications. SBDs’ sensitivity is well suited to mm-
wave spectrometers with moderate resolution>”.  We
therefore selected SBD detectors in this study. The THz
radiation is focused using a silicon lens and is received
by the antenna on the GaAs chip. The nonlinear device
(i.e., SBD) that is integrated at the antenna’s centre
location is used to down-convert the THz signals to 10
MHz, so that they can be extracted via the output circuit.
To the best of our knowledge, the integration of a
340 GHz planar antenna with a stack structure containing
a ceramic thin-film layer has not previously been repor-
ted. In this research, based on a previous successful
demonstration of a 340 GHz FC structure simulation using
a high frequency structure simulator ( HFSS) ™) | we pro-
posed a silicon lens for coupling simulation with and
without the FC structure model to carry out a comparison
between the two structures. For a performance compari-
son, a single pixel of the FC model was fabricated and
measured, and the radiation pattern results were then
tested at 340 GHz. The FC structure model showed good
agreement between its measured and simulated radiation

patterns at 340 GHz.
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Fig. 1 Illustration of a dipole feed in a circular cy-
lindrical cavity with the radius r
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1 Analysis of infinite circular cylinder
cavity

It can help us easily determine the sensitivity pa-
rameter for the designed model to analyze the electromag-
netic field distribution on the circular cylinder cavity.
The solution assumes that the cavity is embedded in an
infinite metallic circular cylinder with the radius p =r
(see Fig. 1). In this section, the finite element method
is used to model the cavity, while the radiation condition
is expressed using a boundary integral equation. The vari-
ational approach'’’ and method of weighted residuals'"”’
can be used to accomplish the hybrid finite element-
boundary integral equations. The derivation process be-
gins with the three-dimensional vector wave equation that

is determined in terms of the total electric field:
-1 = )
VXl -V xEl-koe,  E == jkoZyJ"
, (1)

where E is the total electric field, k, is the free-space
wavenumber, Z, is the free-space impedance, j= / -1
, and J™ is an interior current source. The material
properties are expressed using the relative permittivity
(&,) and relative permeability (jr,). A vector test func-
tion is used to test Eq. 1 and is integrated throughout the
computational domain; the following solution is then ob-
tained in the integrated form .

fv[ VXW -, -V xE-KW -5, - E]dV—jkOZoi
nox H™ - W.dS = f™ . (2)

In Eq. 2, the interior excitation function is given

by:
fint:_jkOZOJ;/Jint.WidV , (3)

for the sources such as dipole feeds. here the function
was obtained from antenna-equivalent sources.

In this paper, the circular cylinder was assumed to
be the computational volume. Therefore, the surface in-
tegral terms vanish at the walls of the cylinder when they
lie on the surface where there is p =r. The expression is
given in the following form
pxH" =pxH" =px (H"™+H"™)

+].k0Z0Lﬂp[l; X 602 xl}l] - EdS’ , (4

where the natural boundary condition :

lbeim :’beext , (5)
is shown to be the connection between Eqs. 4 and 2. The
exterior magnetic field has three component terms, which
are the incident field (H™), reflected field ( H*') and
aperture field in the cylinder respectively, as given by
the surface integral shown in Eq.4. In Eq.4, the normal
vector is given by n =p because that the surface does not
have a perfectly conducting face when p =r exists. G, is
an electric dyadic Green’ s function of the second kind,
which can be given as either a creeping wave serie' '’ or
an eigenfunction serie''”!. The relationships among the
aforementioned equations showed that the circular cylin-
der radius r is a significant and sensitive design parame-
ter in the cylindrical cavity radiation model; r enhances
not only the Sommerfeld radiation condition but also the
perfect electric conductor boundary condition on the sur-
face of an infinite circular cylinder.

Fig.2 Geometry of the proposed FC structure with the silicon
lens (a) 3D cross-section of the FC structure, (b) 3D draw-
ing of the FC structure and silicon lens configuration
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2 FC structure design and its configura-
tions

The configuration of the proposed FC stack structure
is shown in Fig. 2. The FC structure consists of three lay-
ers; a GaAs substrate as the top layer, a printed circuit
board (PCB) as the bottom layer, and a ceramic thin-
film central layer to support the entire structure. An air
cavity was designed on the centre of the ceramic thin-film
layer. Then an air chamber is located above the antenna
area, and its diameter was optimized at 200 pwm because
of the design rule for the ceramic thin-film that requires
the maximum through-via diameter to be less than the
distance between two vias. Also, the smallest hole that
can be processed in the ceramic thin-film layer is 200
pm in diameter. The antenna design parameters were
given in our previous work'®'. The main dimensions of
the FC structure and lens are shown in Table 1. Typical
conductive adhesive is used to fill in the thin-film
ceramic via structure with the negative pressure method
with a masking film. Photographs of the mask layer and
thin-film supporting layer are shown in Fig. 3.

Table 1 Main dimensions of the FC structure and Si lens

®1 BEREHREHNESREHEESY

Items Dimension
GaAs substrate thickness 100 pm
Via diameter 200 wm
Air cavity diameter 200 wm
Distance between air cavity and via 200 wm
FC structure length and width 1,000 wm
Silicon lens diameter 13 mm

Fig.3 Photographs of the mask layer and ceramic thin-film sup-
porting layer (a) Mask layer, where the film mask material is
the same as that of the ceramic thin-film supporting layer, (b)
thin-film ceramic supporting layer
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3 Comparison of packages with and
without the FC structure

Because the lens is too large in size for THz region
simulation, the geometrical optical ( GO) method has
been selected for the lens simulation. First, the THz an-
tenna structures with or without the FC structure were
simulated using the commercial full-wave electromagnetic
field (EM) simulation software FEKO, which is based
on the coupling technique of finite element method
(FEM) /multilevel fast multipole method (MLFMM) , so
as to scrutinize the radiation patterns of the two struc-
tures. Then, all far-field strength patterns of the different

models were exported to act as new excitation sources for
the lens simulation mode. The GaAs substrate, thin-film
ceramic layer, and PCB were vertically stacked together,
and their dielectric constants were assigned to be 12.9,
9.8 and 3.0 in the FEKO settings, respectively. The
simulation results obtained at 340 GHz are shown in Fig.
4, where the FC structure with the 200 wm air cavity has
similar gain to that of the model without the FC structure
(wire bonding model) , but the FC structure’ s radiation
pattern is wider on the side face where Phi is equal to
0°. These results indicate that the ceramic thin-film
dielectric has a horizontal guiding effect for THz waves in
the X-Z plane; in addition, the X-Z plane is parallel
with the diode’ s pole direction. However, the side face
radiation pattern does not influence imaging applications.

Fig.4 Lens radiation patterns of the no-cavity FC model, pro-
posed 200 wm cavity FC model and model without the FC
(wire bonding model) at 340 GHz
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4 Test results and discussion

Figure 5 presents a schematic of the THz array chip

Fig.5 Schematic of the THz array chip, and photographs of
the FC and wire bonding structures (a) Schematic of THz ar-
ray chip with the array size of 4 x4, (b) photograph of the
FC structure, (c) photograph of the wire bonding structure
K5 THz B3 4548, FC 4544 I Al 22 AR FR 25 K
Ji(a) THz (B8 - BB HLEL 4 x 4, (b) 15 157 451 1]
J, (o) 22 i
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and a photograph of the novel FC module. As the figure
shows, the schematic was rotated to show the rear side of
the THz array chip, which will be attached to the silicon
lens to enable THz free space coupling. The test ports
are placed on the PCB to demonstrate the electrical per-
formance of the FC process. We selected the element B2
to make test comparisons and aligned the B2 cell with the
optical axis of the silicon lens at 340 GHz.

The transmitting module is a ‘32 X’ planar Schottky
diode frequency multiplier combined with a standard 340
GHz horn antenna. The receiving modules consist of THz
Schottky diode detectors with the FC structure with the
200 wm air cavity or wire bonding structure. We adopted
the THz modulation-demodulation testing method for the
direct detector. A low-frequency spectrum analyser was
used at the output port. The signal was generated and
modulated at 10-MHz, carried by a 340 GHz carrier,
and transferred in free space.

As a highly important parameter for imaging applica-
tions, the gain of the THz detector was obtained by re-
cording the received power when the lens was focused on
an emission source. The distance between the transmi-
tting and receiving modules was modulated to allow the
receiver to find the maximum far-field radiation location.

Fig.6 Comparison of simulation and test results for the pro-
posed FC model with the 200 pm air cavity at 340 GHz (a)
Radiation patterns in the E-plane, (b) radiation patterns in
the H-plane
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Figure 6 shows a comparison of the measured and
simulated radiation patterns of the FC structure at 340
GHz. The 340 GHz horn antenna and frequency multi-
plier have typically narrow bandwidth. The received pow-
er expresses excessive attenuation at the output terminal
when the frequency increases to more than 348 GHz. As
shown in the figures above, satisfactory agreement is ob-
served between the experimental and simulation results
within the entire range of the antenna’s main lobe. Ad-
ditionally, the observed degree of main lobe correlation
at 340 GHz is remarkable, given the complexity of the
EM models, different processing structures, THz attenu-
ation of the frequency multiplier and measurement setup.
When a 200-pm-diameter cylinder cavity supporting lay-
er is used, the B2 element pattern in the E-plane has a
3-dB beam width of 6, ~9.7°, with side-lobe levels of
less than -15 dB. The element pattern has 0, ;; ~9.5° in
the H-plane with the patterns as shown in Fig. 6 (b).
The angular resolution, which is limited by the single
pixel size and determined by the beam spacing, increases
linearly with decreasing element spacing in both the E-

plane and H-plane. However, increased angular resolu-
tion may cause the imaging contrast to deteriorate, par-
ticularly when the crossover power level becomes less
than 3 dB'"™'. Therefore, a fade in-out balance between
the imaging contrast and imaging resolution must be a-
chieved by selecting the appropriate element size in the
planar THz focal plane array ( FPA).

5 Conclusion

A novel FC structure operating in the THz band that
is based on processing of a ceramic thin-film stack layer
was designed, fabricated using the typical FC equip-
ment, and subsequently tested. The measured radiation
pattern showed good agreement with the corresponding
simulated results at 340 GHz. These results indicate that
the proposed FC structure is an efficient and inexpensive
package structure for THz imager assembly. It should al-
so be noted that the ceramic thin-film structure can pro-
vide excellent protection for the diode air bridge without
the needs to create an under bump metal (UBM) layer
or perform underfill processing.
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