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Large-area traveling-wave photonic mixers for increased continuous
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A large-aperture design for terahertz traveling-wave photomixers, continuously pumped free space
by two detuned diode lasers, is proposed and experimentally verified for devices based on
low-temperature-grown GaA&T-GaAs). It combines the advantages of conventional interdigitated
small-area structures and traveling-wave devices. An output powen\®f 4t the mixing frequency

of 1 THz was measured in initial testing, which meets local oscillator power requirements for
superconducting heterodyne mixer devices2@5 American Institute of Physics
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Continuous-wave photonic mixer terahe(@z) radia- vice area and number of fingers. Because of a destruction
tion sources are basically fast photoconductive switcheitensity of<1.5 mW/um? for LT-GaAs this limits IR pump
modulated with the beat frequency of two detuned nearpower to<<100 mW, so that improved passive thermal sink-
infrared (IR) diode lasers. One of the fastest materials to ing is essential for small-area mixeYs? unless cooling to
follow the beat frequency in the THz range is low- liquid nitrogen temperatures is applié‘HSecond, it imposes
temperature-grown GaAd.T-GaAs with photocarrier trap lower limits on the finger spacing which affects conversion
times down to 100 &€ Besides the corresponding unmatchedeéfficiency. All together this results in restrictions on the ulti-
tuning range, photomixers are also particularly attractive fommate generated power above 1 THz. Power levels upddy/2
their all-solid state, noncryogenic, low power consumption at 1 THz have been achieved for tuned structures at a laser
and relative low-cost approach. Therefore, they are interesower of 90 mW-
ing as local oscillator§_Os) for heterodyne submillimeter or ~_ T0 circumvent these IR power and THz resonance re-
terahertz receive?é based on superconductor-insulator- Strictions, it was experimentally demonstrated that a
superconductor junctionéSIS) or hot-electron bolometers fraveling-wave(TW) setup bypasses the device RC constant

(HEB). Providing the power necessary for these mixerLY establish_ing a distribution of_the mixing process along a
above 1 THz is a challenge, but is within reach of the currenfOPlanar stripline(CP3 through interference fringes propa-

development of LT-GaAs photomixers. The latest report fordating Phg‘gﬁ‘lg“at‘:hed with respect o the THz wave on the
smallest-area SIS junctions Bymy=0.1 uW at 1 THz at waveguide’™ ™ The THz output power is then given by

the mixeP (with a theoretical frequency dependency of R..|.. 2
Poump™ f2), and for HEBspyump=0.2 uW at 1.8 THz at the Prig(v)= 2. T2 DCe (1)
mixer Si len§ (with an expected frequency dependency of 2 1+(2m- 7 v)

Poump™ ). where, is the radiation efficiency of the antenna dggl is
With small-area photonic mixers, consisting of interdigi- the interference part of the electronic dc photocurrent

tated metal-semiconductor-metal electrode structures, hereaf-

ter MSM [Fig 1(c)], it proved to be difficult to routinely lgce ~ VPR 1" PR .2 * Tetrag V) * Ve,ar(Vb)/S (2

reach these power levels above 1 THz. If small-area mixers

are used with broadband antennas of load resistaicehe which is only a fraction of the total measured photocurrent.
uncompensated device capacitar@eintroduces a roIIof?J Compared to tuned resonant small-area devices with full-

~1/[1+(27-R,C-»)?], which is usually around 1 THz. Wave antenna impedance around 218 a factor 3 lower
a ’ .

However, if it is located at the footpoint of resonant anten—THZ efficiency of broadband TW devices at same photocur-

. . rent is given from waveguide impedance around)7@
nas, capacitance up to a certain value may be tuned out by 9 g b IR:1

. re the IR powers of the two lasefasually Pg 1=Pg 2),
the antenna inductan@eand the terahertz power at the reso- P (esually Pir1=Pir 2

. X Terap IS the electron trap time g, is the drift velocity ands
nance frequencyys follows just the unavoidable rolloff, ;"yne effective photoconductive gap width seen by the elec-

~ T 21 qi i i . . 8 : . .
L/[1+(27 7o ved“], given by the effective response time, y4ng in the materialcurved field lines While the trap time
7e, for the electronic current seen locally at the electrodesincreases with voltagésee below, the drift velocity satu-
Thislignllturn is not identical to the photoelectron trap rates at a field strength of about 2 M, so thatPry,
time,”™ " but is elongated by the intrinsic transit time of a ~ (Pir.coupled 9% making diffraction-limited optics and mode
space-charge dominated current pulse initiated by the shorkyrity a necessity for CPS waveguide mixers. Due to a prac-
living photoelectrons between the electrodéSThe restric- tical limitation of numerical apertures of diffraction-limited
tion on the capacitance first imposes upper limits on the degng systems of D/f<0.6(D=diameter of lensf,
=focal length, not more than about 65% of a Gaussian beam
@Electronic mail: michael@ph.1.uni-koeln.de can be coupled into the optimal slit width of aboug®. No
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FIG. 1. (a) Velocity-match of IR interference fringes to the THz wave on the FIG- 2. Calibrated power spectrum of TW-MSM and CPS with bowtie
CPS is obtained by a tuning-angle between the two heterodyned IR beanfdt€nnal =150 um. Two bolometer features are noted: a responsivity dip
with f,>f,; (b) scanning electron microscope picture of a TW-MSM struc- &ound 500 GHz and the band edge at 1400-1500 GHz. THz power is
ture with inner part of bow-tie antenn&) small-area MSM or section of a corrected for cglculated powtle' reflection efficiency, but not for reflection
TW-MSM. losses of the silicon hemispherical 1e(89%).

THz efficiency can be gained upon reducing the gap widtr_Prder of 100 GHz, is.com_pletely bypassed, indica_ting veloc-
below that of the Airy spot because théf coupied™ S and ity match to the optical interference wave anq _|mpedance
Py, ~ const. Furthermore, the output beam of a commercia[nat_Ch tp the antenna, so that there is no add|t|onql rollloff
semiconductor optical amplifiefSOA) is found to have a setting in a_bove 1_500 GHz expecte_d, except contributions
higher-mode content of about 50%, which cannot be coupled©m unavoidably increasing absorption. However, the THz
into a 2um gap and decreases THz power from a plain cpdosses at about 5 mrhwere measure_d to be rather flgt be?
so that it needs to be filtered out, e.g., by introducing a pinfveen 500 and 1500 (ZBH?- The fitted response-time in
hole mode filter after the amplifier. Pri(v) ~1/[1+(2m-7e-v)7] I8 7.=0.8 ps at 12 VLm,

To bypass these new IR power and THz efficiency limi-While a zero voltage trap time for LT-GaAs grown &
tations, a structure is needed which combines the advantage£°0 °C_and annealed at 600 °C is expected 7gfap
of a conventional interdigitated small-area structgréder ~ =0.66 ps. _ _
transversal aperture and smaller gap wiglthigh those of a The bolometer was calibrated as follows: T_he difference
waveguide mixerintrinsic bypass of RC-time-constant and ©f Polometer voltage response to two blackbodies at 300 and
larger areq A solution to this is an interdigitated-finger co- at 77 K was measured and in addition the normalized THz
planar stripline(hereafter TW-MSM depicted in Fig. (b), ~ '€Sponse spectrum qf the bolometer was dgtermlned by using
which has a slow-wave behavior and therefore was proposéél @s the detector in a commercial far-infrared Fourier-
earlier for velocity-matched longitudinally pumped TW transform spectrometer. Then the blackbody power within
photodetector®® This attribute, however, is not needed for the measured bandpass was calculated at the two tempera-
the vertically illuminated TW mixer structure proposed here,tures, taking into account the known aperture and solid de-
in which velocity matching of the interference fringes to thetection angle of the bolometer horn. .
THz wave is obtained by adjusting a tuning-angle between Whereas for a CPS the generated THz power slightly
the two heterodyned IR beams of different frequefigig. ~ decreases upon adding the higher modes from the SOA, Fig.
1(a)]. The IR focus line length, biased to short values due tc? Shows that a TW-MSM benefits from this additional power
THz absorption, was set to about 16t FWHM. The as- 10 @ large extent. However, the increase is lower .than ex-
tigmatic optics setul§ was designed to obtain diffraction Pected fromPr,~[Pi-Vy/(s+w)J, because saturation ef-
limited focusing in the transverse direction. fects are active with respect to bias voltage(Fig. 3 and

e-beam lithography with a photoresist liftoff technique IR power (Fig. 4). As expected, the best THz power of 1.1
was used to apply a 10 nm—Ti/300 nm—Au metallization ontW at 910 GHz was obtained from the Juh device. Before
1.5 um LT-GaAs grown by molecular beam epitaxy at saturation sets in, the power shows a superquadratic depen-
250 °C with 1um/h on a 0.3um AlAs insulator layer on dence onV, above 4 Vjum, in accordance with the qua-
SI-GaAs and annealed 10 min at 600 °C. Three different didratic |-V curve. TheP,,(V) curves above 2 Viim fit to
mensions of the TW-MSM were testéBig. 1): s=1.4, 1.6
and 1.8um with w=0.44, 0.5, and 0.5Gum, respectively. b (<:0+c1.vb2)2
While a=3-s, b was optimized to match the impedance of a THz,Fit= /2 \/ 32’
150um-bowtie antenn&70 ), which was possible after in- LH(G* e Vp + e Vi)
troducing a miter at the transitidirig. 1(b)]. A commercial assuming a degradation of the photoelectron trap time with
time-domain program was used for the simulations. electric field to explain voltage saturation above 1q¢m1,19

The THz power spectrum, including higher modes fromwhich is supported by our and others’ observations of its
the bowtie antenna, was measured up to 1500 GHz with absence at near-dc frequenciééccordingly, the increased
calibrated 4.2 K InSb-bolometer with a large-aperture hornvoltage saturation of the TW-MSM compared to the CPS is
and detector chip, and can be fit to a single-time-constargéxplained by a locally increased electric field at the
Lorentz curve (Fig. 2). From this we conclude that the interdigitated-finger tips and therefore is better described

lumped-element RC constant of the structure, expected in theith an additional cubic term. Some differences in the bias
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910 GHz J LA M =1/2 Zjoaq (I4¢/ 2)%, which indicates good interference con-

100k Tw.Mmsm: trast of the lasers.
E &wagﬂm We achieved promising results by using an
32_1_4,,"; interdigitated-finger CPS structure for improved THz power
10 —B-16um

from a TW mixer. The expected improvement compared to a
CPS within the same LT-GaAs material system is deterio-
rated by increased voltage saturation due to fringing fields at
the fingertips. Because very different maximum bias fields
were reported for interdigitated-finger structuféd* im-
provements on material, layer structure, and contacts are
likely to alleviate voltage saturation and to lead to the state-
of-the-art THz efficiencies observed by others previously at
lower IR powerss. Therefore, the presented scheme has great
potential to largely surpass previously reported power levels
beyond 1 THz.

FIG. 3. Comparison of bias behavior between a set of TW-MSM mixers of

different gap widths and a CPS mixer. The authors acknowledge support from the Deutsche
Forschungsgemeinschaft through Grant No. SFB 494 and

o o from the Ministry of Science of the State North Rhein West-
curves between individual TW-MSM devic€Sig. 3 may be  fajia, Germany.
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