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A transverse electromagnetic horn antenna is monolithically integrated with a low temperature
grown GaAs vertical photodetector on a silicon substrate forming a vertically integrated photomixer.
Continuous-wave terahertz radiation is generated at frequencies up to 3.5 THz with a power level
reaching 20 nW around 3 THz. Microwave and material concepts allow both qualitative and
quantitative explanations of the experimental results. The thin film microstrip line topology has been
adapted for active devices by an Au—Au thermocompression layer transfer technique and seems to
be a promising generic tool for a new generation of efficient terahertz devices. © 2009 American

Institute of Physics. [doi:10.1063/1.3251071]

Powerful room-temperature solid-state sources at tera-
hertz frequencies are needed for promising applications such
as spectroscopy, imagery, and telecommunications. In par-
ticular, tuneable continuous-wave sources with high spectral
purity are ideal for gas spectroscopy.l’2 Since the initial ex-
periments of Brown et al.,” many researchers have reported
generation of continuous-wave terahertz by mixing two in-
frared laser beams on an ultrafast photodetector lying at the
feedpoint of a terahertz antenna”~ formmg a so-called “pho-
tomixer.” The photomixer proposed in the first attempt was a
low temperature grown GaAs (LT-GaAs) planar photodetec-
tor loaded by a silicon-lens coupled spiral antenna (PSA). Up
to now, the PSA has been the best device for frequencies in
excess of 1 THz. This is in most part explained by the low
electrical capacitance of the photodetector (C=0.5 fF)
which shifts the cut off frequency (frc) related to the RC
time constant well beyond 1 THz. A vertical photodetector
integrated to a spiral antenna® has been proposed and tested,
yielding more terahertz power than PSA up to 900 GHz but
less beyond due to its higher electrical capacitance. More
recently, we have designed a new terahertz antenna: the
transverse electromagnetic horn antenna (TEM-HA).} This
3D structure was developed for terahertz pulses emission
and characterized in a time-domain configuration. The
results show that it is a nondispersive, large bandwidth an-
tenna. Then, the TEM-HA has been monolithically integrated
with a planar interdigitated LT-GaAs photoconductor for
frequency-domain photomixing.10 The device provided
promising results, but the frequency dependence of the emit-
ted terahertz power was principally governed by electromag-
netic propagation effects, such as coupling between photode-
tector and antenna, and was only weakly dependent of the
RC time constant. Furthermore, it became clear that planar
photodetectors, waveguides, or antennas on high dielectric
perm1tt1v1ty substrates such as GaAs are not efficient beyond
1 THz,"' unless their dimensions are smaller than ten mi-
crometers. In order to solve this problem and to improve the
photomixer bandwidth, a vertical photodetector was inte-
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grated with a TEM-HA using a thin film microstrip configu-
ration, in which the same metallic sheet is both the ground
plane of the TEM-HA and the bottom bias electrode of the
vertical photodetector. This integration is feasible thanks to
the use of an epitaxial layer transfer technique based on wa-
fer level Au—Au thermocompression bonding, which is a
more suitable bonding technique as regards thermal and elec-
trical characteristics compared to previous attempts based on
a polymer layer.6 We report in this letter a frequency-domain
photomixing experiment with such a vertically integrated
photomixer (VIP).

A schematic of the fabricated device is presented in
Fig. 1. The photodetector consists of a 2.2-um-thick
LT-GaAs epitaxial layer sandwiched between two metallic
bias electrodes. The upper electrode, which defines the pho-
todetector active region, is a 10-nm-thick and 5X5 um?
area semitransparent gold pad. The lower electrode is a
40-nm-thick Ti/800-nm-thick Au bilayer and is used as the
ground plane of the TEM-HA. The antenna consists of a
bilayered 20-nm-thick Ti/3.4-um-thick Au triangular con-
ductive sheet inclined above the ground plane and supported
by a polytetrafluoroethylene cuboid, as shown in Ref. 10.
The dimensions of the isosceles triangular sheet (length
=3 mm, base=2.6 mm) have been chosen in order to radi-
ate efficiently from 100 GHz to at least 1 THz.® The photo-
detector is linked to the antenna by a 10X 12 um? pad,
which constitutes the anchor of the antenna.

The device was fabricated using the following proce-
dure: starting from a 450-um-thick semi-insulating GaAs
substrate, a 0.1-um-thick GalnP layer was grown by gas-
source molecular beam epitaxy followed by a 2-um-thick

5x5 um? semi-transparent Ti/Au triangular sheet

Au layer (10 nm) .=780nm (20 nm/3400 nm)
Si;N, anti-reflective l \4
coating (80 nn'k‘ 17 ym

/Ti (40 nm)

Silicon substrate

FIG. 1. (Color online) Schematic side-cut of the VIP.

© 2009 American Institute of Physics
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FIG. 2. (Color online) (a) Scanning electron microscope image of a focus
ion beam cut of the Au—Au bonding interface and (b) optical view of a
LT-GaAs layer reported on a 2-in.-diameter silicon substrate.

layer of low temperature (~200 °C) GaAs. After its growth,
the sample was annealed at 580 °C for 1 min. The photocar-
rier lifetime was measured by time-resolved photoreflec-
tance. The photoreflectivity of the LT-GaAs was found to
decrease exponentially with a characteristic time, 7,
~720 fs. The LT-GaAs epitaxial layer was subsequently
transferred onto a 2-in.-diameter p-doped silicon wafer. For
this purpose, a 40-nm-thick Ti/400-nm-thick Au bilayer was
deposited by cathodic sputtering on both the LT-GaAs wafer
and the silicon host substrate. Then, the two substrates were
aligned face to face and bonded in a commercial bonder
(SB6e Suss MicroTec) at 200 °C and under a 2 MPa pres-
sure for 90 min. The very low bonding temperature allows us
to hybrid GaAs layers on substrates without matching of
their coefficients of thermal expansion. In the present study,
we bonded a quarter of a 2-in.-diameter GaAs substrate
(CTE;pp k=5.87X107% °C7!) (Ref. 12) on a 2-in.-diameter
silicon substrate (CTEs x=2.6X 107 °C™"),"* taking ad-
vantages of the superior mechanical and thermal properties
of the silicon. However, the curvature of the bonded sub-
strates prevents mechanical lapping. The GaAs substrate was
therefore removed by means of chemical wet etching in a
solution of hydrosulfuric acid and hydrogen peroxide. The
high etching selectivity (>1000) between GaAs and GalnP
allows us to etch the whole 450-um-thick substrate. The
GalnP etch stop layer is then removed in hydrochloric acid.
After removing the GaAs substrate, the high thickness dif-
ference between the 2-um-thick LT-GaAs layer and the
300- um-thick host silicon substrate flattens the bend. During
the process optimization, in order to check the bonding qual-
ity and the absence of voids, the LT-GaAs layer was also
etched leaving only the two bonded gold layers on the silicon
host substrate. Figure 2(a) shows a scanning electron micro-
scope image of a focus ion beam cut through the Au-Au
interface. It clearly shows that there are no voids at least at
the scale of 100 nm. The bonding interface seems to be simi-
lar to gold grain boundaries.

An optical view of a LT-GaAs layer transferred on a
silicon wafer is shown in Fig. 2(b). Note that the entire area
of the bonded piece is usable for the subsequent technologi-
cal steps. The 5X5 um? 10-nm-thick semitransparent gold
pad is then patterned by means of electron-beam evapora-
tion, electron-beam lithography, and lift-off techniques.
Then, the LT-GaAs active area is formed by inductive
coupled plasma etching with an etch mask defined by
electron-beam lithography. A 100-nm-thick silicon nitride
layer is added as antireflection and surface passivation coat-
ing. The TEM-HA is then fabricated following the procedure
given in Ref. 10. A scanning electron beam image of the
photomixer is shown Fig. 3.

Appl. Phys. Lett. 95, 161102 (2009)
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FIG. 3. (Color online) Scanning electron microscope image of the VIP.

The photomixing experimental configuration can also be
found in the same letter. The terahertz beam was directly
emitted in free space without the need of a silicon lens and
was collected by an off axis parabolic mirror and detected by
a liquid-helium-cooled silicon bolometer. The detected
power was recorded as function of the frequency for a dc
photocurrent i4.=1.76 mA and is shown in Fig. 4. The ab-
solute terahertz power is estimated assuming a bolometer
responsivity of 12 kV/W, given by the manufacturer and ob-
tained from a calibration at 275 GHz using a black-body
source and a band-pass filter. In the lowest part of the fre-
quency range, the detected power displays a —10 dB/octave
slope as the frequency is increased. The slope become shal-
lower at 2 THz and is nearly flat between 2 and 3 THz. A
terahertz power of 20 nW was measured at 2.85 GHz which
is to our knowledge the highest output power for a room-
temperature wide-band photomixer.14 In order to understand
this frequency dependence of the emitted terahertz power,
the VIP photomixer was modeled. The photoconductance G
of the photodetector is extremely low (typically, G
<0.1 mS), so we can model the photomixer as a perfect
current source in parallel with capacitance and loaded by an
antenna®'* whose impedance is real (R,=65 () (Ref. 9), as
shown in the inset of Fig. 4. The 12X 10 wm? anchor of the
TEM-HA is modeled as a short thin film microstrip line

1000 |
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g Photodetector—..*
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FIG. 4. (Color online) Experimental (circles) and theoretical (solid line)
terahertz power emitted by the VIP as function of the frequency. We calcu-
lated the terahertz power using the equivalent circuit shown in the inset
neglecting losses. Experimental data are obtained with a 12 V bias voltage
and 200 mW of optical power at 780 nm. With our 15-um-diameter optical
spot size, we calculated that the effective input optical power on the photo-
detector is around 50 mW.
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(TFMSL) which links the photodetector to the antenna. The
capacitance (C=1.3 fF) has been calculated in considering
that the photodetector is a parallel plate capacitance, with
25 um? area electrodes separated by a 2.2-um-thick GaAs
layer. A 3D electromagnetic simulation was performed on
the TEMSL, neglecting dielectric and metallic losses, which
showed that the quasi-TEM microstrip mode for a
10- um-wide and 2.2- um-thick GaAs TFMSL displays a low
dispersion over the entire frequency range. The effective in-
dex defined by n.g=cy/v, where v,, is the phase velocity of
the guided wave and ¢ is the vacuum light velocity increases
slightly from n.;=3.2 at 200 GHz to 3.4 at 4 THz. Its char-
acteristic impedance (Z.) varies slightly between 15 () at
200 GHz and 18 ) at 4 THz. In the following study, they
will both be considered constant over the entire frequency
range and equal to their mean values, i.e., n.;=3.3 and Z,.
=16.5 Q. The Schnieder and Heinrich formulas" predict,
neglecting the thin titanium layer, that the metallic losses
reach about 20 dB/mm at 3 THz, and are also negligible for
a 12-um-long TFMSL. Such a thin film microstrip structure
is well adapted to very wide bandwidth photomixer. How-
ever, this short waveguide has a strong influence on the emit-
ted power. In the present study, the antenna resistance is seen
by the photodetector as an impedance Z,, which is a function
of the frequency because of the TFMSL (length=L,). This
is a well known effect in microwave circuits and Z; can
easily be calculated. Neglecting the losses, the real part of Z
decreases from R,=65 () to Rminsz/RA ~4 Q at fiu
~1.5 THz when \y/4n.g=L,. The TEMSL behaves as a so-
called quarter-wave transformer. At f\,=2f\s=3 THz
when N\o/2n.4=L,, Z, becomes equal to R,. Furthermore,
between f),, and f 4, Z, has an inductive component which
partially cancels the parasitic capacitance which is no longer
negligible between 2 and 3 THz. From the equivalent circuit
shown in the inset of Fig. 4, the emitted terahertz power
(Pry,) can be evaluated as follows: Py, =1/2X R, X |iry,|*,
with R, the real part of Z; in parallel with the capacitance C
and ity,=ig/[1+(f/f,.)*]"* to take account of the charge
carrier response time.'* The above expression has been
added to Fig. 4 with i3=1.76 mA, f.,=220 GHz, L,
=14.5 pum, and C=1.3 fF. The length of 14.5 um is used
because the current source is considered to be in the center of
the photodetector area.

The good qualitative agreement between the experimen-
tal and theoretical results can be noted with both exhibiting
a —10 dB/octave around 1 THz which decreases as 2 THz
is approached. However, there is a more pronounced reso-
nance in the theoretical curve. This discrepancy can have
different causes. First, the antenna is assumed to be lossless
and to have an impedance real constant and equal to R, up to

Appl. Phys. Lett. 95, 161102 (2009)

3 THz. It has been experimentally proven up to 1 THz.® At
higher frequencies, there can be parasitic effects and losses
which can attenuate the emitted power. Then, the TFMSL
losses could be higher than assumed. Quantitatively, the cal-
culated and experimental results differ only by a factor 2
around 1 THz and 10 at the 2.8 THz resonance which is
remarkable for such a free space terahertz experiments.

In conclusion, promising results were achieved with a
vertically integrated TEM-HA photomixer. We measured
record terahertz power around 3 THz without losing effi-
ciency in the remaining frequency range in comparison with
other wideband photomixers and without the need for a sili-
con lens. The TFMSL structure is well adapted to the tera-
hertz frequency in comparison to a planar structure and can
be seen as a generic tool for photomixer or other terahertz
active devices. A promising idea is to realize an efficient
quarter-wave transformer with a high characteristic imped-
ance in order to improve the matching between the photode-
tector and the antenna in the 1-3 THz range.
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