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Abstract

We report on the realization and the experimental study of thin-film Ni–NiO–Ni diodes with integrated infrared
antennas. These diodes are applied as detectors and mixers of 28-THz CO -laser radiation with difference frequencies up to2

176 GHz. They constitute a mechanically stable alternative to the point-contact MOM diodes used today in heterodyne
detection of such high frequencies. Thus, they represent the extension of present millimeter-wave and microwave thin-film
and antenna techniques to the infrared. Our thin-film Ni–NiO–Ni diodes are fabricated on SiO rSi substrates with the help2

Ž .of electron-beam lithography at the IBM Research Laboratory Ruschlikon, Switzerland . We have reduced the contact area¨
to 110 nm=110 nm in order to achieve a fast response of the device. This contact area is in the order of those of
point-contact diodes and represents the smallest ever reported for thin-film MOM diodes. The thin NiO layer with a

˚thickness of about 35 A is deposited by sputtering. Our thin-film diodes are integrated with planar dipole, bow-tie and spiral
YŽ . Ž .antennas that couples the incident field to the contact. The second derivative I V of the nonlinear I V characteristics at

the bias voltage applied to the diode is measured at a frequency of 10 kHz. It determines the detection and second-order
YŽ .mixing performed with the diode for frequencies from dc to at least 30 THz. The I V characteristics exhibit for low bias

voltage V a linear dependence, which is followed by a saturation and a maximum for high V . The zero-bias resistancebias bias

of the diode is in the order of 100 V. It is not strictly inversely proportional to the contact area of the diode. The first
application of our thin-film diodes was the detection of cw CO -laser radiation. The measured dc signal generated by the2

diode when illuminated with 10.6-mm radiation includes a polarization-independent contribution, caused by thermal effects.
This contribution is independent of the contact area and of the type of integrated antenna. The polarization-dependent
contribution of the signal originates in the rectification of the antenna currents in the diode by nonlinear tunneling through
the thin NiO layer. It follows a cosine-squared dependence on the angle of orientation of the linear polarization, as expected
from antenna theory. For the linearly polarized dipole and bow-tie antennas, the maximum detection signals are therefore
measured for the polarization parallel to the antenna axis. Bow-tie antennas with a half length of 2.3 mm generate the
highest detection signals. The full length of these antennas corresponds to 3r2 of the wavelength of the incident 10.6-mm
radiation in the supporting Si substrate. The relevance of the substrate wavelength confirms that our antennas are more
sensitive to the radiation incident from the substrate side. The time of response of our thin-film diode is not limited by the
speed of the electron-tunneling effect, but by the RC time constant of the diode circuitry. Thus, the overall best
performances are attained by the diodes with the smallest contact areas and corresponding capacitances. The study of the
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polarization response of our integrated asymmetric spiral antennas revealed the contribution of an unbalanced mode
propagating on the antenna arms beside the fundamental balanced mode. The imbalance is caused by the reactive impedance
of the diode and by the asymmetry of the antenna arms in the feed region. In addition, the response of the diode is
influenced by reflection of the antenna currents near the end of the spiral arms. The resulting polarization of our spiral
antenna is therefore not the expected circular polarization, yet an elliptical polarization with an axial ratio in the order of
0.12. Furthermore, we have demonstrated the presence of two distinct additive thermal effects besides the fast antenna-in-

Ž .duced contribution by the measurement of the response of our thin-film diodes to 35 ps optical-free-induction decay OFID
CO -laser pulses. The measured characteristic times of these two relatively slow relaxations are t f100 ns and t f15 ns.2 1 2

These exponential relaxations observed are explained by thermal diffusion in the SiO and in the Ni layers of our structures.2

These time constants show that thermal effects influence mixing processes at low difference frequencies. For the first time,
the operation of thin-film diodes as mixers of 28-THz radiation was demonstrated. Difference frequencies up to 176 GHz
have been measured when the diode was irradiated by two CO -laser beams and microwaves generated by a Gunn oscillator2

working at 58.8 GHz. These difference frequencies were generated in mixing processes from the second to the fifth order.
These experiments were performed with thin-film Ni–NiO–Ni diodes with the minimum contact area of 0.012 mm2 and
integrated resonant bow-tie antennas. The transmission of the high-frequency signals to the spectrum analyzer was
accomplished using integrated rhodium waveguides and flip-chip connections. The diode and the antenna were irradiated
through the substrate, taking advantage of the better sensitivity of the antenna to radiation incident from the substrate side.
The dependence on the linear polarization of the mixing signal matches almost perfectly the ideal cosine-squared
dependence predicted by antenna theory for bow-tie antennas. A ratio of the mixing signals for the polarization parallel to
the axis vs. the cross-polarization of over 50 was attained. The signal-to-noise ratios of our mixing signals demonstrate the
potential of our type of diodes to respond to even higher carrier and difference frequencies. Also higher-order mixing can be
achieved with our thin-film diodes. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mixing and detection with point-contact metal–
Ž .oxide–metal MOM or MIM diodes at millimeter

and submillimeter wavelengths were first reported in
w x1966 1 . The working range of these devices was

w xextended in the following years to infrared 2 and
w xvisible laser radiation 3,4 . These diodes consist of a

thin metallic wire with a fine etched tip in weak
contact with an oxidized metallic surface in the
typical arrangement shown in Fig. 1. The most com-
monly used metal for the whisker is tungsten. It can
be sharpened by electrical etching in NaOH or KOH

w xthat yields tip radii of less than 50 nm 5,6 . Contact
areas in the order of 0.01 mm2 are achieved. This
results in a small capacitance that minimizes the
response time. Various materials are used as metallic

w x w xbase, including, e.g., nickel 7 , steel and silver 2 .
The tungsten wire acts as a long-wire antenna and

Fig. 1. Typical configuration of a point-contact MOM diode.

w xcouples the applied radiation field to the diode 8 . A
strong evidence of the whisker acting as antenna at
infrared frequencies is manifested by the marked
polarization dependence of the signal detected. This
dependence is in good agreement with low-frequency

w xantenna theory 5 .
The main application of MOM diodes concerns

w xmixers in heterodyne detection 9 . Because of their
high speed of response, they have been extensively
used in absolute frequency measurements for the

w xdevelopment of time and frequency standards 10 .
The capability of the MOM diodes to generate and
reradiate difference frequencies permits their applica-
tion as tunable cw FIR radiation source in high-reso-

w xlution spectroscopy 11 .
The use of MOM diodes as fast detectors for

infrared and visible radiation is limited because of
the problems caused by the point-contact configura-
tion. The main disadvantage of point-contact diodes
is their low mechanical stability. In addition, the
sensitivity and the response time of these devices are
strongly dependent on the contact area and on the
oxide thickness. For this reason the point contacts
are irreproducible. Hence, serious attempts have been
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made to integrate the MOM diodes on a substrate to
achieve stability and reproducibility. In the early

w x w xseventies, Small et al. 12 and Wang et al. 13
reported the fabrication of thin-film diodes with inte-
grated antennas exhibiting rectification capabilities
in the 10-mm region. Small et al. also reported on
third-order frequency mixing performed with the

Ž .HCN-laser emissions at 337 mm 890.2 GHz and
Ž .311 mm 964.6 GHz wavelength and the microwave

radiation from a klystron. No other successful mix-
ing with thin-film diodes has been reported since.
Thin-film MOM diodes fabricated with optical
lithography possess contact areas about a hundred
times larger than point contacts, because of the

w xmicrometer resolution of this technique 14,15 .
Besides the previously mentioned advantages of

the thin-film configuration, the integration of MOM
diodes on a substrate opens new fields of applica-
tions in detector and infrared antenna technologies.
The possibility to integrate these devices in arrays
allows the development of thermal imaging systems.
Furthermore, thin-film MOM diodes constitute out-
standing detectors for the study of integrated infrared
antennas because of their fast response at room
temperature. The understanding acquired in measure-
ments with MOM diodes can be extended to other
antenna-coupled detectors with dimensions consider-
ably smaller than the wavelength of incident radia-

w xtion, e.g., microbolometers 16 .
Our development of thin-film MOM diodes started

w xin 1976 17 . The diodes were connected to long-wire
antennas while the smallest contact areas produced
with photolithographic techniques were in the order
of 1.2 mm=1.2 mm. Detection of CO -laser radia-2

tion with a wavelength of 10.6 mm was achieved yet
showed a predominant thermal contribution. Smaller
contacts were required in order to obtain a faster
optical response. Years later, the application of elec-
tron-beam lithography permitted the manufacture of
thin-film Ni–NiO–Ni diodes with a minimum con-

2 w xtact area of 0.056 mm 18,19 . These devices printed
on SiO rSi substrates were integrated with dipole2

antennas that coupled the incident infrared CO -laser2

radiation efficiently to the diode.
This study describes the continuation of the devel-

opment of the thin-film Ni–NiO–Ni diodes as fast
antenna-coupled detectors on one hand and the ex-
tension of their range of operation to the mixing of

Fig. 2. Electron-microscope image of the thin-film Ni-NiO-Ni
diode with a contact area of 0.012 mm2 connected to an inte-
grated bow-tie antenna.

28-THz infrared radiation on the other hand. For
these purposes, the contact area of the diode was
reduced further to approximately 110 nm=110 nm
Ž .Fig. 2 with the aid of electron-beam lithography.
The minimum contact areas of about 0.012 mm2 are
smaller than those of any thin-film diodes reported
previously. They are in the order of the areas of
point contacts. The theoretical considerations for the
development of our antenna-coupled thin-film diodes
are summarized in Section 2, first with respect to the
diode and second with regard to the infrared anten-
nas. In the first part, a short description of
nonlinear-conduction mechanisms and of circuit
speed limitations in the device permits the identifica-
tion of various contributions to the measured diode
signals and demonstrates the requirement of a mini-
mum contact area. In the second part, the antenna
theory is extended to infrared antennas on a substrate
and applied to our design of bow-tie and spiral
antenna microstructures.

The fabrication of our nanometer-scale thin-film
diodes integrated with various types of antennas and
the configurations of their connections to the ampli-
fiers are presented in Section 3. The flip-chip con-
nections have been a crucial issue for successful
mixing experiments. They permitted irradiation of
the diodes from the substrate side and an excellent
transmission of the high-frequency mixing signals
generated by the diode. The last part of Section 3
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describes the preliminary electrical testing of the
diodes at dc and radio frequencies. These measure-

Ž .ments yield valuable information on the I V charac-
teristics that describe the nonlinearity of our Ni–
NiO–Ni diodes from dc to at least 30 THz.

The infrared measurements performed with CO -2

laser radiation are described in Sections 4–6. Section
4 is devoted to the dc-response of the diodes to cw
laser radiation. The observed substrate interference
patterns prevailing for all diodes are presented first.
Subsequently, the measurements performed on linear
polarized antennas, i.e., dipole and bow-tie antennas,
are described. The dependence of the diode detec-
tion-signals on the direction of the input polarization
permits an approximate distinction between
antenna-induced mechanisms and thermal effects.
The characterization of the efficiency of the diode
detection with regard to contact area and types of
infrared antennas gives important information con-
cerning the choice of the diodes best suited for
mixing experiments. The antenna patterns observed
for different antennas yielded an additional evidence
of the efficient coupling of the radiation into the
diode. Section 4.4 deals with the polarization re-
sponse of asymmetric spiral antennas.

Section 5 describes the measurement of the inter-
action of short 35-ps OFID CO -laser pulses with2

our thin-film diodes. These experiments permit a
classification of the different rectification mecha-
nisms of the diode by their observed transients, and,
also a characterization of the thermal effects. These
are explained by a model based on the heat-conduc-
tion equation.

In Section 6, we report on the first mixing of
28-THz radiation with measurement of difference
frequencies up to 176 GHz in mixing processes up to
the fifth order. These experiments required the irradi-
ation of the diode by two CO -laser beams as well as2

by microwaves generated by a Gunn oscillator. For
this purpose, we have used thin-film Ni–NiO–Ni
diodes with bow-tie antennas and integrated rhodium
waveguides. The mixing signals exhibit a cosine-
squared dependence on the polarization of the inci-
dent 10.7-mm CO -laser radiation. This demon-2

strates that our bow-tie antennas show almost com-
plete polarization as predicted by antenna theory.
These results verify the extension of millimeter-wave
and microwave thin-film techniques to the infrared.

2. Theory

In this chapter we present the operation principle
of MOM detectors and mixers. First we describe the
nonlinearity of these diodes and the likely mecha-
nisms responsible for this nonlinearity. The detection
and mixing mechanisms are similar in point-contact
and thin-film configurations. Thus, the basic theoret-
ical considerations can be applied to both. Secondly
we discuss the coupling of the incoming radiation
field to the diode by the means of integrated anten-
nas.

2.1. MOM diodes

2.1.1. Nonlinear response of MOM diodes
Because of the insulating thin oxide layer, the

MOM diodes are not ohmic contacts. The nonlinear-
Ž .ity of their I V characteristics generates a dc com-

ponent when a voltage with a circular frequency v is
w xapplied. According to theory 20 , the amplitude of

the rectified signal V is proportional to the seconddc
Ž .derivative of the I V curve

1 d2I
2V A DV , 2.1Ž .dc 2ž /4 dV

where DV is the amplitude of the ac voltage that
originates in the infrared radiation coupled to the
MOM diode by the antenna. The generated dc signal
is therefore proportional to the power of the incom-
ing radiation. Hence the diode acts as a square-law
detector.

Similarly when diode and antenna are illuminated
simultaneously with two laser beams of frequencies
v and v , a voltage oscillating with the difference1 2

frequency v yv is generated. Accordingly, the1 2

amplitude V of the beat frequency signal isv yv1 2

proportional to

1 d2I
V A DV DV , 2.2Ž .v yv 1 221 2 ž /2 dV

where the DV ’s indicate the amplitudes of the dc
voltages coupled to the diode by the antenna and the
indices 1 and 2 refer to the contributions by each
laser beam. The higher-order mixing is described by

Ž .the term of the Taylor expansion of the I V charac-
teristics corresponding to the mixing order.
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Fig. 3. Energy diagram of the MOM diode.

2.1.2. Rectification and mixing mechanisms in MOM
diodes

A simplified energy diagram of an MOM diode is
shown in Fig. 3. The thin oxide layer between the
two nickel electrodes represents a potential barrier
with a thickness d and a height F that is described
by a rectangle function in a first-order approxima-
tion. The symmetry of a structure with two similar
electrodes that possess the same Fermi level is dis-
torted by applying a bias voltage V on the contact.
This gives rise to the diode characteristics of the
MOM structure.

Various effects contribute to the detection and
mixing mechanisms in MOM diodes. The different
electrical-conduction processes exhibit distinct prop-
erties and characteristic times. In most cases, several
additive conduction mechanisms are active simulta-
neously. Therefore, it is difficult to decide which is
predominant. In the following we summarize the
generally accepted conduction mechanisms.

2.1.2.1. Electron tunneling. According to quantum
mechanics, electrons in metals can tunnel through a
high barrier. The probability for electrons of passing
through a potential barrier falls exponentially with its
thickness. Thus, the oxide layer thickness should not

w xexceed a few tens of angstroms 21 . A theoretical
w xanalysis was performed by Simmons 22 . It yielded

an expression for the tunnel current as a function of
the barrier height F , its thickness d and permittivity
´ . In that calculation, the deformation of the rectan-
gular potential barrier by image forces was taken

into account. The tunneling effect is nonlinear and
permits rectification and mixing of the infrared radia-
tion coupled by the antenna to the diode.

The theoretical calculation of the tunneling time
remains an unsolved problem: Several different ap-

w xproaches were tried without success 23 . Estimation
of the tunneling time yields values in the range from
10y15 to 10y16 s. An absolute frequency measure-
ment was performed at a frequency of 148 THz by

w xJennings et al. 24 , which showed that the tunneling
time is not a limit for the mixing of 30-THz laser
radiation.

Difference-frequency generation was also
achieved in the visible range in the early 1980’s,

w xalthough with a poor conversion efficiency 4,25,26 .
In the visible range, photo-assisted tunneling seems
to play an important role in the detection and mixing

w xmechanism 27 because the photo-energy gained by
electrons is in the range of the barrier height of 1 to
2 eV. At infrared frequencies near 30 THz, however,
this effect is negligible compared to field-assisted

w xtunneling 28 .

2.1.2.2. Thermionic emission. Absorption of radia-
tion increases the temperature of the MOM diode.
Thermally excited electrons can therefore be emitted
above the potential barrier. For point-contact diodes
used at infrared frequencies, this effect yields no
significant contribution because of the poor absorp-

w xtivity of metal in this range 5,6 . At visible frequen-
cies however, thermal effects seem to dominate the

w xdetection mechanism 4 . A theoretical treatment of
thermal currents that includes a comparison with the

w xtunneling currents was published by Simmons 29 .
This calculation predicts that thermally excited cur-
rents become predominant for oxide barriers thicker

˚than 50 A.
In the case of thin-film MOM diodes, absorption

of the incoming radiation also occurs in the sub-
strate. The thermal contribution is important for these
devices and has been intensively investigated by

w xWilke et al. 18 for the case of thin-film Ni–NiO–Ni
diodes. They demonstrate that the heating of the
diode is mainly caused by absorption of infrared
radiation in the SiO -layer of the substrate and by2

dissipation of antenna currents.
The thermal effects are inherently slow because

they are limited by the thermal time constant of the
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junction. They certainly represent a significant con-
tribution to the detector response for the dc detection
of radiation, but are too slow to play a role in mixing

w xprocesses beyond a cut-off frequency 30 . This fre-
quency is determined by the thermal time constant of
the structure and depends strongly on the heat con-
ductivity of the material used and on the geometry of
the diode.

2.1.2.3. Spreading resistance. Evidence that spread-
ing resistance also contributes to the nonlinear opera-
tion of Ni–NiO–Ni diodes was found by Wilke et al.
w x18 . This effect relies on the inelastic scattering of
electrons by phonons in the bulk material. It is
observed for metal–metal and low-resistance con-

˚w xtacts 31–33 . It is likely that pinholes in the 35-A
NiO layer of our diodes are responsible for this
effect because they represent a small conductive path
w x34 . The spreading-resistance nonlinearity can con-
tribute simultaneously with tunneling mechanisms.
However, the high-frequency cut off is expected to
be lower than for electron tunneling, i.e., between

13 14 w x10 and 10 Hz 33 .

2.1.3. RC time constant of thin-film MOM diodes
In order to mix different radiation sources at

infrared frequencies, MOM diodes must have a fast
response time. As mentioned before the tunneling
mechanism is faster than one infrared wave cycle.
Consequently, it is not a limiting factor in achieving
a sufficiently fast response. Therefore, the circuit
speed limit of the diode determines the response
time. In the equivalent circuit presented in Fig. 4, the
diode is described by a junction capacitance C inD

Ž .parallel with an internal nonlinear resistance R V .D

It is connected in series with the resistance R of theA

Fig. 4. Equivalent circuit model for the diode and antenna.

antenna. The cut-off frequency of the circuitry is
w xdefined as 35 :

1
n s . 2.3Ž .c 2p R CA D

Rectification and mixing are still observed above
this frequency, but with rapidly decreasing efficien-

w xcies. Sanchez et al. 35 calculate a signal amplitude
decreasing as vy3r2 for frequencies above the cut-
off frequency while results of other calculations range

y1 w x y2 w xfrom a v 36,12 to a v variation 37 . To
minimize the response time and attain a high cut-off
frequency, the diode capacitance must be small ac-

Ž .cording to Eq. 2.3 . For a thin-film MOM diode, the
contact is produced by two overlapping thin metal
strips separated by a thin oxide layer. In a first
approach the junction is considered as a small paral-
lel-plate capacitor with the capacitance

A
C s´´ , 2.4Ž .D 0 d

where ´ represents the relative electric permittivity
of the oxide, d the thickness of the oxide layer and
A the junction area determined by the width of the
metal strips. To minimize this capacitance, the oxide
layer must not be too thin and the area of the contact
has to be small. Measurements show that the thick-

˚ w xness of the nickel oxide layer is about 35 A 18 . No
further attempt was made to increase this thickness
because this would reduce the tunnel currents. A
better approach to attain a fast response is to reduce

w xthe contact area 37 . In order to have an RC-limited
cut-off frequency higher than the 30-THz frequency
of 10-mm CO -laser radiation, structure widths on2

the order of 100 nm are required, leading to a
capacitance of approximately 0.1 fF. For thin-film
diodes, this requirement cannot be fulfilled with
conventional photolithographic techniques. Their
fabrication requires the resolution of electron-beam
lithography.

2.2. Antenna theory

The dimensions of the MOM diodes are much
smaller than the wavelengths of interest. The cou-
pling of the incident radiation field to the diodes can
be substantially improved by connecting them to
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antennas much larger than the diode. The responsiv-
ity of the diode is considerably influenced by the
geometry of this antenna. In the case of point-contact
diodes, the metal whisker was shown to act as a
long-wire antenna. For the same purpose, thin-film
MOM diodes are connected to integrated antennas.
In the first part of this section, we discuss the
influence of the substrate on the properties of these
antennas. Then we describe the characteristics of the
various types of antennas used in this study, includ-
ing dipole, bow-tie, and spiral antennas.

2.2.1. Antenna on a substrate
A planar antenna in free space radiates equally on

both sides of its plane because of symmetry. The
presence of a dielectric substrate on one side of the
antenna breaks this symmetry and changes the cur-
rent distribution and the wave velocity in the an-
tenna. It has been observed that an antenna on a
substrate radiates most of the power into the dielec-

w x w xtric 38 . According to the reciprocity theorem 39 ,
these antennas couple dominantly radiation incident
from the substrate side. As in the transmission-line
theory, the waves in the antenna propagate at a
velocity that is intermediate between air and dielec-

w xtric wave velocity 40 . This holds for an elementary
dipole at the interface between air and a dielectric,
but this statement can be extended to any antenna by
considering it as an ensemble of elementary radiating
dipoles. The ratio of radiated power in the dielectric
P and in the air P is given bysubst air

3r2P ´subst subst
s , 2.5Ž .ž /P ´air air

where ´ represents the relative electric permittiv-subst

ity of the substrate. For our silicon substrate ´ issubst

about 11.7 for 10.6-mm wavelength. This yields
about 40 times more radiation in the substrate than in
the air. In order to take advantage of this fact, a
receiving antenna should be illuminated from the

Žsubstrate side. The use of a substrate lens see, e.g.,
w x.Ref. 41 combines the advantages of the better

response of the antenna to the substrate-side radia-
tion and of reduced losses caused by surface waves
in the substrate. We have used another scheme for

w xour thin-film MOM diodes 19 : The SiO -layer of2

the substrate is optimized as an anti-reflection coat-

ing, while the back side of the chip is coated with a
gold mirror or mounted on a gold socket. Thus,
infrared radiation coming from the air side and then
transmitted by the substrate is reflected back to the
diode and the antenna. The interference patterns that
are observed between radiation reflected directly on
the air–SiO -layer interface and radiation reflected2

on the gold mirror demonstrate the better response of
our antenna to substrate-side illumination. They are
described in Section 4. Alternatively, our high-
frequency mixing experiments described in Section 6
have been performed by irradiation of the thin-film
Ni–NiO–Ni diode through our SirSiO substrate.2

The radiation pattern of an antenna on a substrate
has been investigated theoretically and experimen-

w xtally. For example, Brewitt-Taylor et al. 38 evalu-
ated numerically the radiation pattern of a resonant
dipole antenna on a substrate. Similar patterns have
been calculated for a horizontal infinitesimal dipole

w xby Engheta et al. 42,43 and for a current element at
an air–dielectric interface by Rutledge and Muha
w x41 . The patterns are determined in two orthogonal
planes, i.e., the E and the H plane defined by the axis

Ž .of the dipole antenna inset of Fig. 5 : The E plane is
perpendicular to the substrate and contains the ele-
mentary dipole. The H plane is normal to the dipole
w x w x40 . Rutledge and Muha 41 calculated the far-field
power density S in the dielectric for the H plane atH

a distance r as

2n cos ud
S u sa nŽ .H d ž /cos u qn cos ua d

2
vm Ih0

with a' , 2.6Ž .ž /4p r

where n is the refraction index of the substrate, ua

the angle of incidence in the air and u the refractedd

angle in the substrate. The current element is de-
scribed by its amplitude I, its length h and its
frequency v. The similar calculation for the E plane
yields

2
n cos u cos ua d

S u sa n . 2.7Ž . Ž .E d n cos u qcos ua d

These patterns are represented in Fig. 5 as a
function of the incidence angle in the air. This angle
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Fig. 5. Radiation pattern in the dielectric of a current element on a dielectric substrate.

is relevant in our experiments. These plots corre-
spond to the representations of the above references
only for angles in the dielectric that are below the
critical angle of total reflection in the substrate.

Measurements have been made for a bow-tie an-
w xtenna by Rutledge and Muha 41 and for a spiral

w xantenna by Grossman et al. 44 . All the radiation
patterns give confirmation that the antennas are con-
siderably more sensitive to radiation coming from
the substrate side and by reciprocity that most of the
power is radiated into the substrate. However, the
antenna patterns of our different antennas have been
only measured up to a maximum angle of incidence
in the air of about 508, as indicated in Fig. 5, because
of the presence of bonding wires. In this interval, the
interferences in the substrate have a significant influ-
ence on the response of our diode and partially mask
the radiation pattern of the antenna as demonstrated
in Section 4.

The velocity of the current waves in an antenna
on a dielectric substrate with permittivity ´ issubst

calculated with the aid of the effective relative elec-
tric permittivity ´ of the systemeff

c
Õs . 2.8Ž .(́ eff

For an antenna on a substrate in the millimeter-
wave range, this effective permittivity is well ap-
proximated by the quasi-static value ´ calculatedq

w xfor zero frequency 40 :

´ q1subst
´ s´ ns0 s . 2.9Ž . Ž .q eff 2

For frequencies higher than a few GHz, the range
of validity of the quasi-static approximation is ex-
ceeded. Under these circumstances the frequency
dispersion of the effective permittivity must be taken
into account. The analogy between integrated trans-
mission lines and antennas permits the transfer of the
dispersion characteristics of coplanar transmission
lines to integrated antennas. For example, a bow-tie
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antenna or a spiral antenna can be transformed by
the appropriate conformal mappings into coplanar
transmission lines as presented below in Sections
2.2.3 and 2.2.4. An analytical expression of the
frequency dependence of the effective permittivity
for a coplanar waveguide and for coplanar strips has

w xbeen derived by Hasnain et al. 45 on the basis of
the empirical formula for the microstrip dispersion
and verified in the terahertz range by Frankel et al.
w x Ž .46 . The effective permittivity ´ n as a functioneff

of the frequency n is given by the expression

´ y ´( (subst q
´ n s ´ q . 2.10( Ž . Ž .(eff q y1.8

n� 01qA ž /n TE

In this equation A is a parameter related to the
waveguide geometry. It has been estimated numeri-

w xcally by Hasnain et al. 45 . The frequency n is theTE

surface wave TE mode cut-off frequency that has1

the following dependence on the substrate thickness
d:

c
n s , 2.11Ž .TE 4d ´ y1( subst

where c represents the velocity of light in vacuum.
The cut-off frequency n is approximately 60 GHzTE

for our 385-mm silicon substrate. The dispersion
w xcurve looks similar to those of microstrip lines 47 .

It is represented in Fig. 6. The effective permittivity
´ for coplanar waveguides varies from the quasi-eff

static value at zero frequency to the asymptotic value
´ for infinite frequency with an inflection pointsubst

typically between 10 GHz and 1 THz depending on
the geometry of the antenna or transmission line. The
antennas connected to our MOM diodes are opti-
mized for 10.6-mm infrared radiation with a fre-
quency of about 28 THz. In this range the effective
relative electric permittivity ´ seen by a waveeff

propagating on the antenna is well approximated by
the substrate permittivity ´ corresponding to thesubst

Fig. 6. Frequency dependence of the effective permittivity of a coplanar waveguide.
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asymptotic permittivity for infinite frequency as ap-
parent in Fig. 6. This has been confirmed by our
detection experiment performed with dipole anten-
nas.

2.2.2. Dipole antennas
Thin-film Ni–NiO–Ni diodes connected to dipole

antennas have been extensively studied by Wilke et
w xal. 18,19 . The detected signals as a function of the

antenna length have been compared with the theoret-
ical far-field distribution of a thin center-fed linear
antenna, where the antenna current distribution is
assumed to be sinusoidal. A first resonance was
observed for an antenna length Ls3.1 mm corre-
sponding to the substrate wavelength of the incident
infrared radiation. Higher-order resonances were also
observed yet they are weaker than the first full-wave
dipole resonance. This is explained by the attenua-
tion of the antenna currents characterized by the
measured coefficient Gs0.15 mmy1. We assume
the same coefficient for the attenuation on the other
types of antennas investigated in this study because
of the analogy of materials, fabrication processes,
and structure dimensions.

The dc response of the diodes consists of a polar-
ization-dependent part due to antenna coupling and a
polarization-independent part mainly of thermal ori-
gin. The highest signal is measured for the linear
polarization parallel to the antenna axis. The polar-
ization-dependent part of the response as a function
of the linear polarization angle is well approximated

by a squared cosine, in agreement with antenna
theory.

2.2.3. Bow-tie antennas
The radiation characteristics and the impedance of

thin dipole antennas are extremely sensitive to fre-
quency. The bandwidth of the dipole antenna is
limited for narrow dipoles. A slight wavelength vari-
ation or a small inaccuracy in the manufacture of the
resonant dipole gives rise to parasitic capacitances
and inductances. For our CO -laser infrared radiation2

with a wavelength of 10.6 mm, resonant dipole
antennas at the corresponding wavelengths in the
dielectric are difficult to manufacture with the preci-
sion achieved by electron-beam lithography. The
solution to this problem is a broadband antenna. If
the width d of the arms of a dipole antenna is
increased above the standard limit d)0.05l, the
current distribution shows a deviation from the ideal-

w xized sinusoidal distribution 48 . A broad-band an-
tenna as used at millimeter and submillimeter wave-
lengths is the bow-tie antenna or triangular antenna

Ž .because of its simple design Fig. 7 . Its triangular
structures can be considered as tapered dipole arms.
The impedance of an infinite bow-tie antenna de-
pends only on its flare angle f defined in Fig. 7, yet
not on the frequency. A method of calculating this
impedance relies on conformal mappings that trans-
form a two-dimensional boundary problem into a
simpler equivalent problem. The conformal transfor-

Ž .mation zs ln w maps radial lines in the w plane

Fig. 7. Conformal mapping of a bow-tie antenna.
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onto horizontal lines in the z plane. This yields the
representation of Fig. 7 where a bow-tie antenna is

w xtransformed into coplanar strips 49,50 . The
impedance of the infinite bow-tie antenna is then
derived from the characteristic impedance of copla-

w xnar strips. The result is 51,52 :

h 1 K cos fr2Ž .Ž .0
Z s . 2.12Ž .ant (2 ´ K sin fr2Ž .Ž .eff

Ž .K k is the complete elliptic integral of the first
w xkind 53 , h the free-space impedance and ´ the0 eff

effective dielectric constant which at infrared fre-
quencies close to 30 THz equals the dielectric con-
stant of the substrate ´ . We have chosen the flaresubst

angle f s 608 because the theory predicts an
impedance in the range of 70 V for this angle. This
impedance is in the order the average zero-bias
resistance of our diodes. The ratio of these resis-
tances is not 1:1 yet larger than 1:2 for all diodes.
Thus the matching of the antenna to the load is

w xsufficient 35 . For a bow-tie antenna of finite size,
reactive components appear in the impedance that
depends on the length Lr2 of the arms of the
antenna defined in Fig. 8. The dependence of the
reactance of such an antenna, i.e., a triangular unipole
on this length was measured by Brown and Wood-

w xward 54 . The resonances occur for lengths where
the reactance equals zero. In our configuration they
correspond to arm lengths of approximately 0.5 mm
and 1.06 mm for the first and the second resonance

w xaccording to Fig. 28 of Ref. 54 . The resolution of
the electron-beam lithography implies a lower limit
to the dimension of the structure. Consequently, we

Fig. 8. Survey of a bow-tie antenna with arm length Lr2. We
have manufactured three different antennas with the lengths Lr2
s1.9 mm, 2.3 mm and 3.9 mm.

have manufactured bow-tie antennas with an arm
length corresponding to the third resonance that oc-

Ž .curs approximately at Lr2s1.90 mm Fig. 8 . A
w xmore recent experiment by Compton et al. 55 who

worked with a frequency of 94 GHz showed that the
dominant modes of a 608 bow-tie antenna on a
substrate propagate with the wave number of the
dielectric bulk. By taking account of these results,
we manufactured bow-tie antennas with arm lengths
of Lr2s2.3 mm and Lr2s3.9 mm, correspond-
ing to overall lengths L of 3r2 and 5r2 times the
wavelength in the dielectric bulk of our 10.6-mm

Ž .laser radiation Fig. 8 . We did not fabricate anten-
nas with longer arms because of the high attenuation
of the antenna currents in the antenna arms which
are described in Section 2.2.2 for the case of dipole
antennas. For the same reason, the form of the arm
caps does not affect the impedance. Therefore we
chose a simple triangular end.

2.2.4. Spiral antennas
Antennas with a shape specified only by angles

possess frequency-independent impedance and radia-
tion patterns. This is the Rumsey principle intro-

w xduced in the 1950’s 56 . This property originates in
the fact that the scaling caused by changing the
wavelength corresponds to a rotation of the antenna
by the appropriate in-plane angle. This presupposes
that the antenna extends to infinity. In practical
designs, the corresponding finite structures exhibit
practically frequency independent properties over a
large bandwidth. An example of these broad-band
structures is the planar two-arm logarithmic spiral
antenna. It has been studied at millimeter and mi-

w xcrowave wavelengths 57–59 . Outside the feed re-
gion, the logarithmic spiral is defined in polar coor-

Ž . w xdinates r;f by the general equation 57

rsr exp f ln a sr af . 2.13Ž . Ž .0 0

where r and a are positive constants that determine0

the radius of the inner structure and the tightness of
the spiral. In order to generate a self-complementary
spiral antenna we have designed four spirals with
relative rotations of pr2

r sr af , r sr afyp r2 , r sr afyp ,1 0 2 0 3 0

r sr afqp r2 . 2.14Ž .4 0



( )C. Fumeaux et al.r Infrared Physics & Technology 39 1998 123–183134

Fig. 9. Spiral structure of the antenna outside the feed region.

The antenna consists of metallized areas between
Ž .spirals 1 and 4 and spirals 2 and 3 Fig. 9 . The

curvature of the spiral causes an attenuation of the
antenna current that decreases more rapidly than 1rr
w x60 . Thus, the structure can be truncated at the outer
radius R determined by the desired bandwidth with
practically no effect on the properties of the antenna.
The outer radius R of the truncated spiral gives the
low-frequency limit of the antenna and is commonly

w xaccepted to be 48

Rslr4. 2.15Ž .
Our maximal free-space wavelength of 11 mm

yields an outer diameter 2 R of 5.5 mm for our spiral
antenna. It should be noted that this value is consid-
erably larger than the wavelength in the dielectric
bulk of 30 THz infrared radiation which plays the
dominant role in antenna coupling. Therefore the
outer diameter 2 Rs5.5 mm of our spiral antenna is
sufficient. The inner diameter yields the high-
frequency limit of operation and is determined by the
dimensions of the feed structure. For our infrared
antennas connected to thin-film MOM diodes, the
resolution of the electron-beam lithography requires
a terminal inner structure that stretches over the

w xstandard lr10 limit of the feed diameter 48 . The
consequence of an oversized center structure is an
elliptical polarization different from the circular po-

larization expected for a spiral antenna. However, for
lithographic spiral antennas with an inner radius
corresponding to one quarter of the quasistatic wave-

w xlength, Grossman et al. 44 report detection of 10-
mm radiation with almost circular polarization. For
normal incidence, a ratio of response to orthogonal
polarizations of 1.35 dB was measured. In our case,
the inner radius r was minimized to one quarter of0

the effective wavelength of 9.8-mm infrared radia-
tion

l leff 0
r s s f0.73 mm with ´ s11.7.0 eff4 4(́ eff

2.16Ž .

The values of the inner and outer radii permit the
determination of the constant a in the spiral Eq.
Ž .2.14 . For a one-turn spiral, the conditions yield

r 0 sr and r 2p sR . 2.17Ž . Ž . Ž .1 0 4

This results in the following parameters of the
spiral

2
R 5p

r s0.73 mm and as s1.184. 2.18Ž .1 ž /r0

The tightness of a spiral antenna can also be
specified by the wrap angle b that corresponds to
the angle between a line tangential to the spiral and a

Ž .radial line from the origin Fig. 9 . It can be evalu-
w xated according to 48

1
bsarctan s80.418. 2.19Ž .

ln a

According to the Babinet principle for comple-
Ž w x w x.mentary antennas Ref. 61 , Section. 11.8; Ref. 51

the theoretical characteristic impedance of an infinite
self-complementary antenna in free-space is real and
equal to half the intrinsic impedance of vacuum
Z r2f188 V. However, for finite spiral antennas0

the measured impedances are lower, i.e., in the range
of 50 to 120 V, depending on arm width and
thickness, substrate and feeding structure. For a pla-
nar self-complementary structure on a substrate we
approximate the characteristic impedance by

Z r2 Z r20 0
Z s f . 2.20Ž .ant

´ ´( (eff subst
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For an antenna for 30-THz radiation on a silicon
substrate, this equation yields a characteristic
impedance of about 55 V. However, it is probably
too low if we take into account that narrow-arm
structures should have higher impedances. Conse-
quently, the impedance of our integrated spiral an-
tennas approximately matches the impedance of our
diodes.

Ž .Eq. 2.20 can also be derived using conformal
Ž .mapping. The conformal transformation zs ln w

previously applied to the bow-tie antenna, maps a
self-complementary logarithmic antenna into oblique
coplanar strips, with a strip width equal to the

w xcenter-slot width as represented in Fig. 10 50,62 .
The calculation of the characteristic impedance re-

Ž .sults in Eq. 2.20 because of the properties of these
particular coplanar strips.

The radiation pattern of a planar spiral antenna in
free space exhibits a main lobe perpendicular to the
antenna plane and a rotational symmetry. The main
beamwidth is dependent on the tightness of the spiral

w xand on the number of turns 57,63 . The substrate has
a similar influence on spiral antennas as on dipole

w xantennas 44,64 .
The polarization of the antenna is circular over

the antenna bandwidth in practically all directions
w x65 . The increase of the angle of incidence intro-
duces only a slight elipticity of the polarization. A
linear polarization should be detected independently
of the polarization angle with a loss of 3 dB with
respect to the detection of appropriate circular polar-
ized radiation. A spiral antenna is unable to detect its

own radiation reflected by a mirror, since the sense
Ž w xof polarization is reversed by reflection Ref. 66 ,

.Chapt. 23-10 .

3. Manufacture and testing of the thin-film Ni–
NiO–Ni diodes

In this section, the fabrication, mounting and elec-
trical testing of the thin-film Ni–NiO–Ni diodes are
presented. In the first part, the technique of the
manufacture of the nanometer-scale contact struc-
tures with electron-beam lithography is described,
while the second part deals with the specific problem
of forming the shape of the logarithmic spiral an-
tenna by this technology. Subsequently, two different
types of electrical connections between diodes and
electronic devices are presented. This is followed by
the discussion of the measurement of the electrical
characteristics of the thin-film diodes which deter-
mine detection and mixing of infrared radiation. This
permits a first qualitative control of the fabrication
process. The results of this measurement are summa-
rized in the final part of this section.

3.1. Electron-beam lithography

The requirement of small contact areas for our
thin-film Ni–NiO–Ni diodes for a fast response
cannot be fulfilled by conventional photolithography
techniques. Therefore, the metal strips with a mini-
mum width of about 110 nm have been produced by

Fig. 10. Conformal mapping of a spiral antenna.



( )C. Fumeaux et al.r Infrared Physics & Technology 39 1998 123–183136

high-resolution electron-beam lithography at IBM
Research Laboratory Ruschlikon. Details of this¨

w xtechnology are found in Ref. 67 . The diode, the
antenna and the connections to the diodes are written
by an electron beam controlled by a computer in an
area around the diode with a radius of approximately

˚100 mm. The two overlapping Ni layers of 2200 A
are sputtered as two separate depositions of Ni. The
photoresist is removed by a conventional lift-off
process. The precise alignment of the second Ni
layer is performed with the help of previously writ-
ten markers. The metal-oxide layer is sputtered after
the deposition of the first antenna arm and before the
deposition of the second antenna arm. Extremely thin
insulating oxide layers of a few tens of angstroms
between the two Ni layers are required for the
tunneling process because of the exponential de-
crease of the tunneling currents for increasing barrier

w xthickness 21 . The NiO-layer thickness is measured
during sputtering by a quartz oscillator. Thus, layers

˚of about 35 A are manufactured. They represent a
compromise between the high responsivity of thin
layers and the robustness of thick layers. The dielec-
tric properties of NiO thin films have been described

w xin detail by Rao and Smakula 68 , Fuschillo et al.
w x w x69,70 , and Mochizuki 71 . The structure of the
contact is apparent on the electron micrograph of
Fig. 11. This picture of a Ni–NiO–Ni diode with an
integrated bow-tie antenna is taken with an angle of
incidence of 458 that permits to show how the layers
overlap and thus produce the contact. Fig. 12 repre-

Fig. 11. Electron-microscope image of the thin-film Ni-NiO-Ni
diode with integrated bow-tie antenna taken at 458 incidence.

Fig. 12. Schematic cross section of Ni-NiO-Ni MOM diode.

sents a schematic cross section of the contact with
the indication of the thickness of the different layers.

The diodes are fabricated on a silicon substrate
that is also represented in Fig. 12. The bulk silicon is
n-doped with phosphorus. Its resistivity is 3–5 V

cm. The wafers, with a thickness of 385 mm, are
polished and covered on both sides with 1.5-mm
SiO layers produced in a standard oxidation oven.2

This layer isolates the diode from the semiconduct-
ing silicon thus preventing the formation of a Schot-
tky contact. In addition, these layers act as anti-re-
flection coatings and increase the transmission of
radiation through the silicon substrate up to about
80% at wavelengths near 10.7 mm. The measured
transmissions of the coated and uncoated Si sub-

w xstrates have been published by Wilke et al. 19 . The
chip supporting the diodes is either mounted on a
gold socket, or its back side is coated with a gold
mirror. This improves the coupling efficiency of the

Ž .antenna Section 2.2.1 .

3.2. Manufacture of the spiral antennas

Electron-beam lithography systems traditionally
approximate a structure by a set of trapezoidal shapes.
Our spiral antennas represent an unconventional ge-
ometry that cannot be approximated by polygons
with a sufficient fidelity to the original design, be-
cause of the small dimensions of the antennas. Re-
cently, a new set of conic-based primitives was

w xadded to the basic set 72 . This offered the possibil-
ity to generate structures bounded by circles and
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ellipses. It allowed the manufacture of the small
logarithmic spiral antenna with an outer diameter of
5.5 mm presented in Section 2.2.4. The basic primi-
tive structures used for this purpose are bounded by

Ž .two quarters of ellipses inset of Fig. 13 . The deter-
mination of the bounding quarters of ellipses for
each primitive structure was performed as illustrated
in Fig. 13: On each spiral curve two following points
p and p with horizontal and vertical tangents areiy1 i

determined and chosen as ends of a quarter of an
ellipse. The Cartesian coordinates of these two points,
which also possess horizontal and vertical tangents
on the ellipse, permits the determination of the center
c and the principal axes of the ellipse. The spiral isi

then approximated with four such decentered quar-
ters of ellipses. Outside the feed region, this combi-
nation of quarters of ellipses matches well the de-
sired logarithmic spiral form, because of the abun-
dance of points with identical tangents common to
this curve and its approximation.

The Ni–NiO–Ni diode is positioned at the coinci-
dent origins of the logarithmic spirals. The minimum
width of the contact structure is, as for the bow-tie
antennas, in the range of 110 nm as shown on the
electron micrograph of Fig. 14. The connection be-
tween contact and spiral antenna is also designed

Fig. 14. Electron micrograph of the spiral antenna.

with circles and ellipses. The 908 intersection of the
antenna arms at the diode is used to relax the toler-
ance for the relative positions of the two arm deposi-
tions. As demonstrated in Section 4, this asymmetric
feed region introduces a polarization-dependent an-
tenna responsivity that differs from the circular
polarization expected for a symmetric spiral.

Two types of antennas have been manufactured
with identical structure dimensions, yet with an op-
posite wiring sense of the spiral. A mirror symmetry

Fig. 13. Approximation of the logarithmic spiral with quarters of ellipses. Inset: Generic primitive shape used for the approximation of the
spiral antenna.
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Fig. 15. Right and left circular integrated spiral antennas.

Ž .relates the two structures Fig. 15 . Two definitions
of circular polarization coexist. They rely either on
an emitting or a receiving antenna. Here, we adopt
the IEEE definition, where for an observer looking in
the direction of propagation, the right-hand polariza-

w xtion rotates clockwise 66 . The right-hand spiral
antenna represented in Fig. 15 is then defined as

Ž .right-circularly polarized RCP antenna for the radi-
ation outward from the page, and the left-hand an-

Ž .tenna as left-circularly polarized LCP antenna.
By considering the spiral antenna from the sub-

strate side rather than from the air side the polariza-
tion of the receiving antenna takes the opposite
sense. For the configuration of our integrated spiral
antennas, this is counterbalanced by the fact that the
reflection at the back side of the substrate that
supports the antenna changes the sense of

w xcircularly-polarized radiation 73 . As a consequence
an antenna matched to right-circularly polarized radi-
ation incident from the air side is also matched to the
reflected left-circularly polarized radiation incident
from the substrate side.

3.3. Signal transmission

The thin-film Ni–NiO–Ni diodes have to be elec-
trically connected to external electronics for signal
readout and bias-voltage supply. The small size of
diode and antenna requires a compromise between a

good electrical connection and a metallic configura-
tion that does not electrically affect the antenna. Two
different types of connections to the diodes have
been used depending on the nature of the signals.
The detection of dc signals generated in the diode by
the rectification of antenna currents requires only the
simple configuration described first in Section 3.3.1.
The transmission of high-frequency mixing signals
and the detection of short pulses requires microwave
transmission lines that are then presented in Sections
3.3.2 and 3.3.3.

3.3.1. Configuration for detection of cw radiation
The diodes are located on a substrate sawed as

3 mm=3 mm chips. Outside the region defined by
electron-beam lithography, the gold or rhodium con-
nections to bonding pads are fabricated by standard
photolithography techniques. The electron micro-
graph of Fig. 16 shows the transition that consists of
an overlapping region of the nickel and the gold or
rhodium layers. The Ni–NiO–Ni diode with an inte-
grated bow-tie antenna is located in the center of the
picture. Two different configurations of these leads
on the chip have been applied. The first has been

w xused before by Wilke et al. 19 to contact ten diodes
with integrated dipole antennas on a chip with a

Ž .common grounded central gold electrode Fig. 17 .
The second was developed for diodes integrated with
spiral antennas and then applied to diodes integrated
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Fig. 16. Transition between the nickel leads manufactured by
electron-beam lithography with photolithographic gold electric
leads.

with bow-tie antennas. The left-hand side of Fig. 18
shows the design of this structure on a chip with six
diodes indicated by circles. This configuration that
makes use of rhodium layers is mainly adapted to
transmission of high-frequency mixing signals as

described in Section 3.3.3. In the detection experi-
ments, however, no difference between the two con-
figurations was found since in the vicinity of the
antenna the tapered connections are in both cases
sufficiently thin to avoid a dramatic distortion of the
electric fields. The chips are mounted on gold TO5
sockets, while the connections are made by bonding
wires of gold.

3.3.2. Configuration for high-frequency mixing and
pulse detection

Mixing experiments and short pulse measure-
ments demand connections to the MOM diode that
transmit high-speed signals with minimal losses. The
simple mounting on a socket applied to the dc
detection experiments is not appropriate for this pur-
pose. We therefore made use of microwave transmis-
sion lines, which operate at least up to 60 GHz to
permit the transmission of a mixing signal of two
adjacent transitions of the CO -laser spectrum in the2

10P-branch.

Fig. 17. Chip design for bonding-wire connections.
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Fig. 18. Schematic drawing of the electric connections to the diodes. Left side: Chip design. Right side: Flip-chip connections to coplanar
waveguides on a ceramic substrate.

The first configuration used is presented schemat-
ically in Fig. 17. The signals produced by the diode
are transmitted from the structure on the chip by
means of bonding wires to coplanar waveguides
Ž . Ž w x.CPW see, e.g., Ref. 74 . These structures consist-
ing of a central conducting strip with two coplanar
parallel grounds are produced by conventional pho-
tolithography techniques on a 0.5 in.=1 in. ceramic
substrate. In order to suppress losses due to surface
waves, a thin Al O substrate with a relative electric2 3

permittivity ´ of about 10 in the microwave region
and a thickness of 254 mm was chosen. This yields a
cut-off frequency n of about 98 GHz for theTE

Ž .surface wave TE mode according to Eq. 2.11 . The1

characteristic impedance of the coplanar waveguide
was calculated with the analytical formulas given by

w xGhione and Naldi 75 . With these quasistatic
expressions, a characteristic impedance of 50 V for
frequencies up to at least 60 GHz is obtained with

an accuracy of a few percent for a strip width of
0.27 mm and slot width of 0.10 mm. Bonding wires
have been used as air bridges that keep the two
lateral ground planes of the CPW at the same poten-
tial. These air bridges separated by a distance smaller
than half a wavelength of the highest operating
frequency of the circuitry suppress the parasitic odd

w xmode or slot mode 76 that can be excited strongly
by any discontinuity of the CPW, such as a bend or a
slight asymmetry. The Al O substrate is mounted in2 3

a metallic housing. The transitions to high-frequency
Ž .semirigid coaxial cables Wiltron-V are made with

Ž .spark-plug launchers Wiltron-V102F operating up
to 65 GHz.

The electrical properties of the system have been
tested with a network analyzer. For this purpose, a
test chip with a straight transmission line replaces
the chip with the diodes. Transmission and reflection
measurements have been performed for frequencies
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up to 60 GHz. For this configuration we estimated a
minimal amount of loss of 13 dB at 50 GHz. In
addition strong resonances are observed. Due to the
chip geometry with a central ground electrode, it was
expected that the actual losses are more dramatic
than with the straight line transmission lines of the
test chip.

The main cause of these relevant losses at high
frequencies stems from the connections with bonding
wires, because they represent parasitic inductors. In
order to obtain relatively flat bonding wires and to
minimize their length, the silicon chip supporting the
diode was mounted into a hole in the ceramic sub-
strate, so that both metallizations were located at the
same level. However, in this configuration, a bond-
ing wire causes a loss of approximately 7 to 8 dB at
50 GHz. Another important source of loss at high
frequency originated in the use of silicon substrates
with a low resistivity of 3 to 5 V cm. In order to
minimize the substrate loss of the circuitry, silicon
with a resistivity of several kV cm is used in

w xhigh-frequency applications 77 .
We have applied this configuration for pulse-de-

Ž .tection experiments Section 5 and for our first
Žmixing experiments performed at LENS Florence,

. Ž w x.Italy Section 6.1 and Ref. 78 that resulted in the
measurement of difference frequencies up to 85 MHz.
Mixing with higher difference frequencies in the
order of 60 GHz could not be achieved. This demon-
strated the need for improvement of the contacting
structures.

3.3.3. ImproÕement of the high-frequency configura-
tion

For the second mixing experiments, which have
Žbeen performed at the PTB Braunschweig, Ger-

.many , the bond-wire connections to the diodes were
replaced by the flip-chip connections schematically
depicted in Fig. 18 and Fig. 19. The Ni–NiO–Ni
diodes are connected to coplanar rhodium wave-
guides as shown in Fig. 18 for the three diodes on
the left-hand side of the chip. After the manufacture
of the diode, antenna and rhodium waveguide, the
chip is flipped over and soldered at a temperature of
1808C to the previously mentioned 50-V gold CPW

Ž .on a ceramic Al O substrate by indium solder2 3

bumps. The precise location of these tiny bumps on
the metal parts of the CPW was achieved with the
help of a molybdenum mask after a careful align-
ment. As before, the connection of the CPW to a

Ž .Fig. 19. Schematic cross section of a Ni-NiO-Ni diode and its connections not to scale .
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semirigid coaxial cable was made with spark-plug
Ž .launchers Wiltron-V102 screwed into the housing

that encloses the circuit. The thickness of the differ-
ent layers is also indicated in Fig. 19. Rhodium was
used instead of gold for the waveguides on the
silicon chip because of its thin-film compatibility

w xwith indium 79 . In previous attempts with gold
waveguides on the chip, the applied 0.5-mm gold
layer was completely dissolved by the indium solder.
This effect is not observed for the gold CPW on
ceramic substrates because of the considerably thicker
applied Au layers. The flip-chip configuration has
two decisive advantages: First, it guarantees an ex-
cellent electrical high-frequency connection to the
diode and, secondly, it permits the irradiation of the
antenna from the substrate side as represented in Fig.
19. This takes advantage of the higher sensitivity of
an antenna to the radiation incident from the sub-

w xstrate 38 . The irradiation from the side of the
SiO -coated substrate can be applied because of the2

80% transmission of 10.7 mm radiation.
Contrary to our previous diodes, the diodes used

for these second mixing experiments are supported
Ž .by a high-resistivity r)3 kV cm silicon sub-

strate. By application of this high-resistivity substrate
we minimize the substrate losses in the microwave

w xrange 77 and thus reduce the attenuation of antenna
currents at infrared frequencies.

3.4. Electrical characteristics of the MOM diodes

MOM diodes are capable of rectification and
mixing of infrared radiation because of their nonlin-
earity. The detection signals are proportional to the
second derivative of the current–voltage character-

Ž .istics I V while mixing is determined by its deriva-
tive corresponding to the mixing order. The measure-

Ž .ment of the second derivative of the I V curve of a
diode as a function of the bias voltage permits a first
characterization of its nonlinearity. The simultaneous
measurement of zero-bias resistance of the diode
gives information on the thickness of the NiO layer
and the size of the contact area.

3.4.1. Experimental arrangement
The electrical measurements of the MOM diodes

w xhave been described by Wilke et al. 18 . They are
performed with the inelastic tunneling spectrometer

w xdeveloped by Edgar and Zyskowski 80 . The diode
is mounted in a four-terminal bridge. A swept-bias
voltage V is applied to the diode together with abias

small sine-wave modulation DV sin v t with the
amplitude DVs7 mV and the frequency nsvr2p

s10 kHz. The bias voltage is measured with a
voltmeter while the Fourier components generated
by the diode with the circular frequencies v and 2v

are detected with a lock-in amplifier. In a first step,
the bias voltage is kept zero and the bridge is
balanced at frequency v with the aid of a variable
resistor. This permits the determination of the zero-
bias resistance R of the diode defined as0

y1d I
R s . 3.1Ž .0 ž /dV V f0bias

In the second step, the bias voltage V is con-bias

tinuously varied while the second derivative of the
Ž .I V curve is determined by measuring the signal

with the circular frequency 2v.

3.4.2. Zero-bias resistance
The zero-bias resistance R of a MOM diode is0

mainly determined by the size of the contact struc-
ture and by the thickness of the oxide layer. In our

w xprevious measurements 18 , no dependence of the
zero-bias resistance R on the contact area has been0

observed. This can be explained by the fact that the
diodes with different contact areas were manufac-
tured on wafers produced under different conditions,
and consequently, had dissimilar NiO-layer thick-
nesses. The zero-bias tunneling resistance of the
diode exhibits an exponential dependence on the

w xbarrier thickness d 18,22
d (R A exp d f , 3.2Ž .ž /0 (f

where f represents the average barrier height. Con-
sequently, the effect of the variation of the contact
area on R has been masked by small differences of0

the oxide-layer thickness from wafer to wafer, which
are inherent to the fabrication process and cannot be
measured with sufficient accuracy. In order to over-
come this difficulty, we simultaneously manufac-
tured thin-film diodes with two different contact
dimensions on the same wafer. Thus, all these diodes
possess an identical NiO-layer thickness. The first
type of Ni–NiO–Ni diodes was produced with a
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contact width of 0.14 mm that yields a contact area
of about 0.020 mm2, and the second type with a
width of 0.18 mm and a corresponding contact area
of about 0.032 mm2. The results of the measurement
of the zero-bias resistance R as a function of the0

contact area for all the diodes on one wafer are
presented in Fig. 20. Each point represents the aver-
age of R over all the diodes connected to the same0

type of antenna, including resonant dipoles and bow-
tie antennas with three different arm lengths. The
average points over all the diodes that possess the
same contact area are located at the intersection of
the vertical and horizontal error bars. From these
data, we first conclude that no dependence of R on0

the type of antenna can be observed. The average
zero-bias resistance results in 135.94 V for the
diodes with the contact area of about 0.020 mm2 and
98.59 V for the diodes with the contact area of
about 0.032 mm2. The standard deviation of about
12% for the smaller contact is higher than the 8.5%
evaluated for wider contacts. According to these
measurements the zero-bias resistance is therewith
increased by a factor 1.38 when the contact area is
decreased by a factor 1.65. The measurement over

all diodes on another wafer with two corresponding
contact dimensions yielded an increase of R by a0

factor 1.36. This demonstrates the reproducibility of
our measurements. The zero-bias resistance is conse-
quently not exactly proportional to the inverse of the
contact area. This deviation is explained by the
different conduction mechanisms in the contact as
discussed in the following. The resistance R of the0

front-end contact between two metal cylinders with a
common base section of radius a separated by a thin
film can be approximated by the sum of two differ-

w xent contributions 81 :

s r
R sR qR s q . 3.3Ž .0 t s 2 2 ap a

The first term is the tunnel resistance R . It takest

into account electron tunneling through the potential
barrier and thermionic emission. This term is in-
versely proportional to the contact area and propor-
tional to the tunnel resistivity s of the film, which is

Ž .a function s F ,d,´ of the height F , thickness d
and relative permittivity ´ of the potential barrier.

Ž .The second term of Eq. 3.3 represents the spread-
ing resistance R , which is proportional to the resis-s

Fig. 20. Average zero-bias resistances as functions of the contact area for all diodes on one water.
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Table 1
Average zero-bias resistances of thin-film Ni–NiO–Ni diodes

Ž .Wafer Contact area Antenna R V0
y2Ž .mm

CF5 0.032 Dipole 97.3"10.4
CF5 0.032 Bow-tie 1.9 mm 101.5"7.6
CF5 0.032 Bow-tie 2.3 mm 92.3"7.2
CF5 0.032 Bow-tie 3.9 mm 101.9"4.4
CF5 0.032 All types 98.6"8.6
CF5 0.020 Dipole 151.0"12.3
CF5 0.020 Bow-tie 1.9 mm 127.9"14.3
CF5 0.020 Bow-tie 2.3 mm 138.2"14.1
CF5 0.020 Bow-tie 3.9 mm 131.6"11.3
CF5 0.020 All types 135.9"15.8
CF6 0.020 Dipole 126.8"12.8
CF6 0.032 Bow-tie 1.9 mm 87.0"4.2
CF6 0.032 Bow-tie 3.9 mm 98.8"12.4
CF7 0.012 Bow-tie 1.9 mm 91.4"6.6
CF7 0.012 Bow-tie 2.3 mm 93.1"4.0
CF7 0.012 Bow-tie 3.9 mm 85.34"3.4
CF12 0.012 Spiral 97.4"33.1
CF16 0.012 Bow-tie 2.3 mm 98.0"42.1
CF16 0.012 Spiral 101.9"40.2
All All types 103.8"26.0

tivity r of the metal and to the inverse of the contact
diameter. In Fig. 20 the dotted curve is calculated

Ž .with Eq. 3.3 adapted to a square contact. It yields
the indicated resistances R and R . This measure-t s

ment confirms that spreading resistance R also con-s

tributes to the nonlinear characteristics of our Ni–
NiO–Ni diodes. This mechanism is dominant for
contacts with resistances below 50 V. For di-
odes with intermediate resistances between 50 V

and 1 kV the spreading resistance also exists inde-
w xpendent of the tunneling and the thermal effects 33 .

The zero-bias resistance of all the diodes used in our
study range between 60 V and 200 V with an

Ž .average of 103.8"26.0 V Table 1 . The small
resistances for the diodes with the minimal contact
area of 0.012 mm2 of Table 1 indicates an oxide
layer slightly thinner.

3.4.3. Second deriÕatiÕe of the current–Õoltage char-
acteristics

Ž . Ž .According to Eqs. 2.1 and 2.2 , the second
YŽ .derivative I V of the current–voltage character-

istics determines the efficiency of the diode for
rectification of infrared radiation and second-order

YŽ .mixing of two coherent laser sources. The I V
curve measured at radio frequencies adequately de-
scribes the nonlinearity of the diode up to optical

w xfrequencies 12 . This concerns the nonlinearity in-
duced by electron tunneling and spreading resistance
Ž . YŽ .Section 2.1.2 . On the contrary, the I V curves
measured at low frequencies do not include the
thermionic emission signals observed in detection
experiments at infrared frequencies, because the ther-
mal effects originate in principle in the temperature
rise caused by absorption of infrared radiation in the
metal andror in the substrate.

With our thin-film Ni–NiO–Ni diodes, we
performed the measurements at the frequency of
10 kHz with bias voltages ranging from y250 mV
to q250 mV. We did not make systematic measure-
ments at higher bias voltages, because they would
increase the probability of the dielectric breakdown
of the NiO layer. These measurements permit also a
first selection of the diodes by connecting them to a
voltage above the typical working range for
infrared measurement of 160 mV. All the measured

YŽ .I V curves are antisymmetric with respect to the
zero bias voltage. Three types of dependence of IY

on the bias voltage have been observed. For the
Ž .L-type diodes, the second derivative of the I V

characteristics varies linearly with the bias voltage
Ž .Fig. 21 . This behaviour is typical for all the diodes
that were manufactured with the larger contact area
of 0.032 mm2. For the S-type diodes, a saturation of

YŽ .the I V curve for bias voltages higher than 150
Ž .mV is observed Fig. 22 , while the M-type diodes

YŽ .exhibit a maximum of I V for bias voltages
Ž .near 200 mV Fig. 23 . Averages over three

YŽ .samples of diodes of I V at the maximum or at
V s250 mV are listed in Table 2. The average ofbias

the third row of the table can be compared with the
first two rows only with caution, because it is related
to diodes which were manufactured on wafers with
an oxide layer that is probably thinner. However, a
drastic increase of the nonlinearity at V s250 mVbias

is definitely observed when the contact area is de-
creased.

An approximate classification of the diodes is also
given in Table 2, which shows a shift from the linear

YŽ .I V curves to those with saturation or maximum
when the nonlinearity increases. Therefore, we con-
clude that there is no basic difference in the nature of
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Ž .Fig. 21. Second derivative of the current-voltage characteristics I V .

Ž .Fig. 22. Second derivative of the current-voltage characteristics I V with saturation.
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Ž .Fig. 23. Second derivative of the current-voltage characteristics I V with a maximum.

the curves. The linear and saturated curves simply
describe portions of curves with insufficient change

YŽ .of V to exhibit a maximum in I V . Fig. 24bias
YŽ .shows an I V characteristic of a diode with the

bias voltage extended up to 600 mV, which con-
firms this conclusion. This diode exhibits a linear

YŽ .I V characteristic up to 250 mV, then a domain
with saturation and a maximum at a bias voltage of
545 mV. A similar behaviour has been observed by

w xother authors for point-contact 82,33 and for thin-
w xfilm MOM diodes 35,28,15 . The magnitude of

YŽ .I V of our thin-film Ni–NiO–Ni diodes at V sbias

250 mV is comparable to those measured for point-
contact diodes and larger than those reported for
thin-film diodes manufactured by other authors. The

YŽ .maximal measured I V s 250 mV is as high asbias

54.1 mArV2 for one of our diodes with a zero-bias
resistance of 60 V.

The nonlinearity of a diode depends on the con-
tact area and on the oxide-layer thickness. These also
determine the diode zero-bias resistance R . We0

have observed that the second-order nonlinearity is
higher for the contacts with a smaller R . The mea-0

Ž .surements of the second derivative of the I V char-
acteristics at a bias voltage V s250 mV reportedbias

w xby 18 can be described as a function of R by0

IY R saRyb 3.4Ž . Ž .0 0

with as33 ArV 2 and bs1.91. Measurements on
point-contact diodes show the same behaviour with

Table 2
Average electrical characteristics of the three types of thin-film Ni–NiO–Ni diodes

Yy2 2Ž . Ž . Ž . Ž . Ž . Ž .Wafer Contact area mm I Vs250 mV mArV L type % S type % M type %

CF5 0.032 6.84"1.78 100 0 0
CF5 0.020 9.63"1.74 45 45 10
CF12 and 16 0.012 24.78"9.53 0 75 25

YŽ .The three types are defined by I V : Ls linear, Sswith saturation, Mswith a maximum.
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Ž .Fig. 24. Second derivative of the current-voltage characteristics I V for a high bias voltage.

Žbs1.5 S. Marchetti, Instituto di Fisica Atomica e
Molecolare del CNR, 56100 Pisa, Italy, Private com-

. YŽ .munication, 1997 . The fitting of our data for I R0

of all the measured diodes on different wafers results
in bs1.52, yet with a large standard deviation. The
fact that the parameter a certainly depends on NiO-
layer thickness and contact area explains the varia-
tion of our measured data. Fitting performed on
samples of diodes with comparable quality yields
values of b between 1 and 2.

4. Detection of infrared cw laser radiation

The nonlinearity of the MOM diodes permits the
detection of infrared radiation because it generates a
dc voltage that can then be measured with conven-
tional electronics. In this section, the detection exper-
iments of cw laser radiation are presented. After a
brief description of the experimental arrangement,
we discuss the substrate interferences that influence
the response of all diodes. Subsequently, we describe

the results of the measurement performed on linear
polarized antennas. This section includes an explana-
tion of the polarization-dependent response of the
diodes, a comparison of the response of diodes with
different contact areas and various types of antennas
and information on the different antenna patterns.
Section 4.4 is devoted to the particular polarization
measurements performed on the diodes with inte-
grated spiral antennas.

4.1. Experimental arrangement

The experimental arrangement for the detection of
linearly polarized cw radiation is illustrated in Fig.
25. A grating-tuned flowing-gas cw-CO laser gen-2

erates linearly polarized radiation. The line emissions
with a discrete wavelength distribution between
9.2 mm and 10.8 mm are generated in a TEM00

Gaussian mode. The stability of the output power is
verified by coupling one part of the radiation with a
beam splitter to a thermal power meter. The beam
splitter also permits the colinear superposition of a
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Fig. 25. Experimental arrangement for the detection of cw 10 mm CO -laser radiation.2

HeNe-laser beam with our infrared radiation in order
to facilitate the adjustment of the optics and the
alignment of the diode. With the help of two polariz-
ers composed of ZnSe windows under the Brewster
angle we achieve a precise tuning of the laser power.
By the rotation of the first polarizer, we can continu-
ously attenuate the polarized beam produced by the
laser. With the second fixed polarizer we can restore
the original polarization. The direction of the linear
polarization can be rotated by turning the fast axis of
a CdS half-wave plate. The laser beam is chopped
with a frequency of 3.6 kHz and focused onto the
diode with a lens of 12.7 cm focal length. This yields
a focal spot radius of approximately 100 mm. The
signal is measured across a resistance R in seriesE

with a lock-in amplifier, while a bias voltage of
typically 160 mV is applied to the diode. The diode
is mounted on an x–y–z stage that can also be
rotated to vary the angle of incidence. All the experi-
ments are performed at room temperature.

4.2. Substrate interferences

As mentioned in Section 2.2.1, our integrated
antennas are about forty times more sensitive to the
radiation incident from the substrate than to radiation
that comes from the air side. Because of the reflec-
tions at the interface between the several dielectric

layers of our substrate, interference patterns are ob-
served when the optical path in the substrate is
varied. This variation occurs, e.g., when the angle of
incidence or the wavelength of the incoming CO -2

laser radiation are varied. The marked interferences
with identical characteristics for the dipole, the bow-
tie and the spiral antennas mask the actual antenna
patterns. The substrate three-layer system is analo-
gous to a Fabry–Perot interferometer. Radiation re-´
flected at the first SiO interface interferes with2

radiation transmitted by the substrate and reflected at
the gold of the back side of the chip as indicated in
Fig. 12. This effect is principally observed in the
10P-branch of the CO -laser spectrum between 10.42

and 11.0 mm wavelength. In this range, the transmis-
sion of our substrate reaches a maximum because of
the small absorption in the SiO and Si layers and2

due to the optimal efficiency of the SiO antireflec-2
w xtion coating 19 . The interference patterns are calcu-

lated for the variation of the angle of incidence at a
fixed wavelength on one hand and for the variation
of the wavelength for a fixed angle of incidence of
the laser radiation on the other hand. All the expres-
sions for the reflection and transmission coefficients
as well as for the phase shifts at the different inter-

w xfaces of the substrate are taken from Ref. 83 and
w xthe optical constants of the material from Ref. 84 .

The absorption in the different layers and the varia-
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tion of the material constants with the wavelength
have been taken into account in the calculation.
Two-beam interferences are expected to describe the
effect with a sufficient accuracy, since beams re-
flected several times are strongly attenuated. The
substrate thickness d is 385"2 mm. The exact
thickness d determines the location of the interfer-
ence minima and maxima and is therefore the rele-
vant fitting parameter. A small variation Dd of the
substrate thickness d has a dramatic influence on the
interference pattern. Thus, if Dds0.77 mm, which
corresponds to one fourth of the effective wave-
length of 10.6 mm radiation in our substrate, the
location of the maxima and minima are reversed.

The response of a MOM diode as a function of
the angle of incidence u is displayed in Fig. 26 for
two adjacent lines of the CO -laser with wavelengths2

near 10.6 mm. Also represented in these graphs are
the calculated interferences. Both yield a silicon-layer
thickness of 385.71 mm. From these calculations and
from the measurements performed on several diodes,
we conclude that the substrate thickness fluctuates
along the surface of a wafer. However, these small

fluctuations are only perceptible for diodes on the
wafer, which are located several millimeters away
from each other. The measurement performed as a
function of the angle of incidence on a particular
diode gives therefore an indication on the substrate
thickness in its proximity and permits a reliable
approximation of the interference effects for all the
diodes located on the same chip and on the neigh-
bours. As obvious from Fig. 26, the behaviour at any
wavelength in the 10P-branch can also be calculated
from the interference pattern measured at the particu-
lar wavelength.

By tuning our laser resonator with the help of a
rotating grating, different vibrational–rotational
CO -laser line emissions can be generated. These2

lines are approximately equidistant in each of the
Ž w xfour branches of the spectrum Ref. 85 , Chapt.

.12.6 . Fig. 27 shows the dc response of a MOM
diode as a function of the free-space wavelength in
the 10P-branch for a fixed angle of incidence. The
interference curve is calculated with the method
already used for the variation of the angle of inci-
dence. According to this measurement at normal

Fig. 26. Response of a MOM diode as a function of the angle of incidence for two adjacent CO -laser emissions, each with a power of 2002

mW.
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Fig. 27. Oscillation of the detected signal as a function of the free-space wavelength caused by the substrate interference as measured for a
laser power of 200 mW.

incidence, the thickness of the substrate under this
particular diode is estimated to be 384.96 mm. We
also observe that if the response at a defined wave-
length corresponds to an interference maximum, the
signals measured by irradiation with adjacent lines
are approximately at interference minima. This origi-
nates in the dielectric properties and the dimensions
of our substrate and not in the characteristics of
diode or antenna. The irradiation of the diode from
the air side with reflection on the back side of the
chip is consequently not well suited for mixing
experiments between two adjacent CO -laser emis-2

sions because a measured interference maximum for
the wavelength of a CO -laser emission implies an2

interference minimum for the adjacent emission.
The influence of substrate interferences and losses

can be reduced in several ways. First, radiation can
be coupled to the antenna through an antireflection
coated hemispherical lens mounted on the back of

w xthe substrate 41 . Secondly, the lens can also be
manufactured in the form of a Fresnel lens, by
forming diffraction microstructures at the back side

w xof the chip 86 . In another scheme, the silicon
substrate is reduced to a thin membrane of a few

w xmicrometers by chemical etching 87 .
In the chip configuration of our Ni–NiO–Ni

diodes illumination from the back side of the sub-
strate combines the better efficiency of the antenna
for radiation coming from the substrate with the
reduction of the amplitude of the oscillation caused
by interferences. For CO -laser radiation in the 10P-2

branch with a wavelength near 10.6 mm about 80%
of the incident beam is transmitted through the sub-
strate to the diode and the antenna, while the reflec-
tion is poor. Consequently, one still observes inter-
ference patterns when the diode is illuminated from
the back, yet with a much lower contrast. In this
case, we have measured ratios of the signal for an
interference maximum vs. the signal for an adjacent
interference minimum below 2. In the case of the
illumination from the air side, this ratio reaches
about 5 for diodes on chips that are mounted on the
gold socket. It exceeds 10, as apparent in Figs. 26
and 27, if the back side of the chip is coated with a
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gold layer. This layer constitutes a mirror with less
roughness and, consequently, better reflectivity. Due
to the technical problems caused by the connections
of the diodes illuminated from the back side, this
configuration has been used only for the mixing

Žexperiments in a flip-chip arrangement Section
.3.3.3 .

4.3. Detection with linear polarized antennas

This section describes the polarization depen-
dence of the response of thin-film diodes with inte-
grated dipole and bow-tie antennas. According to
theory these two types of antennas are matched to
linearly polarized radiation with the electric field
parallel to the antenna axis.

4.3.1. Polarization dependence of the laser-induced
response

In the investigation of the polarization depen-
dence of response of our diodes to linear polarized
radiation, the angle w between the antenna axis and

the polarization direction is rotated in increments of
68 by means of the half-wave plate. The response of
the diode is measured for normal incidence of the
10.6-mm laser radiation. As expected, the strongest
signals are detected for the polarization parallel to

Ž .the antenna axis when wf08 Fig. 28 . The detected
Ž .voltage V w can then be represented as the sum of a

polarization-independent contribution V and aip
Ž .polarization-dependent contribution V w that is de-p

scribed by a cosine-squared curve

V w sV qV w sV qV cos2 wyw ,Ž . Ž . Ž .ip p ip p 0

4.1Ž .

where w describes the location of the maximal0

polarization response. For all the investigated diodes
with dipole and bow-tie antennas we have measured
values of w close to zero. The small deviations0

within "58 observed are explained by the error
associated with the positioning of the diode and with
the definition of the horizontal and vertical polariza-
tions.

Fig. 28. Polarization dependent response of the MOM diode with integrated bow-tie antenna.
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A maximum ratio V rV f1.8 was measuredp ip

with MOM diodes equipped with bow-tie antennas
with a half-length Lr2s2.3 mm located on a sili-
con substrate with a low resistivity of 3–5 V cm. A
few detection experiments performed with the diodes
manufactured for the mixing experiments and based

Ž .on a high-resistivity r)3 kV cm silicon substrate
showed the higher ratio V rV f2.2. This confirmsp ip

that the antenna currents are less attenuated on this
substrate.

Ž .The polarization-dependent part V w of the re-p

sponse is attributed to coupling of incident laser
radiation in the antenna to the MOM diode. A part of
this signal can be attributed to dissipation of antenna
currents into Joule’s heat. Yet this effect was shown

w xnot to contribute significantly to V 18 . Thep

cosine-squared dependence of V corresponds to thep

prediction of antenna theory. The polarization-
independent contribution V includes the thermalip

response that originates predominantly in the absorp-
tion of laser radiation in the SiO -layer of the sub-2

strate. The above reference also presents experimen-
tal evidence that a fraction of V can also beip

attributed to antenna coupling.

4.3.2. Comparison of the response of Õarious thin-
film diodes

In this section we present the method of compari-
son of the detection sensitivity of thin-film Ni–NiO–
Ni diodes with various contact areas and antenna
configurations. As for the investigation of the zero-
bias resistance, the comparison between diodes man-
ufactured on the same wafer eliminates the influence
of dissimilar oxide-layer thicknesses. The responsiv-
ity of the diodes defined as the ratio of the output dc
voltage vs. the incident radiation power yields a
reliable figure of merit for the diode performance.
However, the definition of the power incident on the
diode implies the knowledge of the effective detector
area. The focusing of 10-mm radiation with conven-
tional ZnSe lenses results in beam waists much
larger than the dimensions of diode and antenna, so
that a definite determination of the effective area of
the detector is difficult and a theoretical estimation is
subject to caution. A simpler characterization of the
relative figure of merit of the various configurations
of our diodes is obtained by performing detection
experiments under identical irradiance conditions at

a wavelength near 10.6 mm in the 10P-branch of the
CO -laser spectrum. For this purpose, we have fo-2

cused infrared radiation with a power of 0.2 W onto
a diode with a lens with 12.7-cm focal length. The
aperture of the lens has a diameter of 1.5 cm. This
results in a 1re2-beam radius at the focus of approx-
imately 100 mm and an irradiance of about 500
Wrcm2. The beam is chopped with a frequency of
3.6 kHz. A bias voltage of 160 mV is applied to the
diode. For each measurement, the angle of incidence
is varied from normal incidence to an interference
maximum of the response. Calculation and measure-
ment of interference patterns show that the first
interference maximum occurs definitively in a range
between normal incidence and an angle of incidence
in air of 208. As interference patterns originate in the
substrate and do not depend on contact area or type
of antenna, the response of the diode for an interfer-
ence maximum near normal incidence is assumed to
characterize the performance of a diode relative to
the others. In the following, the influence of the
contact area on the detected signal is first discussed.
Then the efficiency of the various types of antennas,
which couple the incident radiation to the diode, is
analyzed. At the end of this section we give informa-
tion on the radiation patterns of the different tested
antennas and on the detector performance.

4.3.3. Response as a function of the contact area
The influence of the contact area on the response

has been investigated with the diodes produced on
the wafer already mentioned in Section 3.4.2. On
this wafer, diodes with two different contact areas of
about 0.020 mm2 and 0.032 mm2, yet with an
equivalent oxide-layer thickness, have been manufac-
tured. The polarization-independent and polariza-
tion-dependent signals V and V averaged over allip p

the diodes on the wafer with the same type of
antenna, including resonant dipoles and bow-tie an-
tennas with three different arm lengths, are plotted in
Figs. 29a and 29b as functions of the contact area.

For both contact areas mentioned and various
types of antennas, the polarization-independent con-
tribution V of the signal ranges within 142.9"18.0ip

mV. It is apparently independent of the contact area
Ž .Fig. 29a . This contribution is mainly thermal in
origin. Thermal effects are not related to the contact

w xarea 28 . Our diodes are square-law detectors. As a
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Ž .Fig. 29. a : Average measured polarization-independent contribu-
tion V as a function of contact area: e Dipole Ls 3.1 mm, Iip

bow-tie Lr2s 1.9 mm, ` bow-tie Lr2s2.3 mm, ^ bow-tie
Ž .Lr2s 3.9 mm, PPPPPP V s 142.9 mV. b : Average measuredip

polarization-dependent contribution V as a function of the con-p

tract area: l Dipole Ls 3.1 mm, B bow-tie Ls1.9 mm, v

bow-tie Lr2s 2.3 mm, ' bow-tie Lr2s3.9 mm, - - - Ay3 r2-
dependence.

consequence the signal is proportional to the incident
radiation power. Thus, the rectified current density is
also proportional to the temperature rise in the diode.
This temperature rise is practically inversely propor-
tional to the contact area that determines the volume
of diode material and as a consequence the thermal
mass. Larger temperature increases occur in the
diodes with smaller contact areas. On this condition

the resulting higher current densities compensate the
current reduction caused by the smaller detector area.

On the contrary, the average polarization-
dependent contribution V of the rectified signalsp

shows a large increase when the contact area of the
diode is decreased from 0.032 mm2 to 0.020 mm2

Ž .Fig. 29b . The polarization-dependent contribution
V originates principally in rectification of antennap

currents in the diode by the tunneling mechanism.
The different sensitivities of the various antenna
types will be described in detail in Section 4.3.4. The
overall increase of the signal for the small contact
area is a consequence of the limitation of the effi-
ciency of the tunneling mechanism by the RC-limited
circuit speed described in Section 2.1.3. For both
sizes of the contact represented in Fig. 29, the inci-
dent laser radiation with a frequency of approxi-
mately 28 THz exceeds the cut-off frequency n ofc

Ž .the circuitry defined by Eq. 2.3 . According to
w xSanchez et al. 35 , the response amplitude decreases

for a fixed frequency above n with an Ay3r2-de-c

pendence on the contact area A. This dependence is
also represented in Fig. 29b.

These measurements show that the reduction of
the contact area constitutes a crucial issue of ex-
treme-frequency detection and mixing with thin-film
MOM diodes. We succeeded in the manufacture of
diodes with a minimal contact area of approximately
0.012 mm2. These diodes exhibited the largest polar-
ization-dependent responses, because of their com-
paratively large cut-off frequencies n , close to thatc

of the 28-THz incident radiation.

4.3.4. Response dependence on the type of antenna
In order to analyze the influence of the antenna

type on the response of thin-film Ni–NiO–Ni diodes,
we consider samples of diodes with identical contact
areas and oxide-layer thicknesses. In Table 3 we

Table 3
Average detected polarization-independent V and polarization-dependent V responses of thin-film Ni–NiO–Ni diodes with integratedip p

antennas
y2Ž . Ž . Ž .Wafer Contact area mm Antenna type Average V mV Average V mVip p

CF5 0.020 Dipole 125.0 119.0
CF5 0.020 Bow-tie Lr2s1.9 mm 160.2 135.6
CF5 0.020 Bow-tie Lr2s2.3 mm 152.2 245.8
CF5 0.020 Bow-tie Lr2s3.9 mm 140.0 88.4
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present the measured signal averaged over four sam-
ples of diodes equipped with resonant full-wave
dipole antennas and bow-tie antennas of three differ-
ent half-lengths Lr2. The polarization-independent
contribution V of the response, which is mainlyip

thermal in origin, shows only a weak dependence on
the antenna type. A 20% smaller V is measuredip

with dipole antennas with respect to the V obtainedip

for bow-tie antennas. This is probably explained by
the fact that in the last configuration, a small amount
of radiation is also coupled by the antenna for the
polarization perpendicular to the antenna axis.

As expected, the polarization-dependent part of
the signal, that in principle originates in the rectifica-
tion of antenna currents in the diode, exhibits a
distinct dependence on the antenna type. The dipole
antennas that were investigated in this case are iden-
tical to the most sensitive resonant dipoles presented

w xby Wilke et al. 19 . They have a total length Ls3.1
mm which corresponds to a full dielectric wave-
length of the incident radiation. Bow-tie antennas
with half-lengths Lr2s1.9 mm and Lr2s2.3 mm
show, under identical irradiance conditions, a larger
response than these dipole antennas. The poor sensi-
tivity attained with the longest bow-tie antenna with
the half-length Lr2s3.9 mm confirms that the
antenna currents are strongly attenuated.

Deviations of the relative efficiencies for the dif-
ferent antenna types are observed from wafer to
wafer. These deviations are caused by changes of the
impedance-matching conditions because of the dif-
ferences in contact area and oxide-layer thickness.
They explain, e.g., the nontypical deficient sensitiv-
ity achieved by diodes with a contact area of
0.032 mm2 connected to 1.9-mm bow-tie antennas
Ž .Fig. 29b . However, the following conclusions with
respect to these linearly polarized antennas are still
valid for the diodes with small contact areas
AF0.02 mm2. First, the polarization-independent
contribution V of the signal is almost independentip

on the shape of the antenna. Secondly, polarization-
dependent signals V approximately a factor 2p

stronger than all the others are obtained for a bow-tie
resonant half-length Lr2s2.3 mm. This corre-
sponds to a full length L of 3r2 of the dielectric
wavelength of 10.6-mm laser radiation. Furthermore,
it should be noticed that bow-tie antennas with Lr2
s1.9 mm exhibit sensitivities slightly higher than

resonant full-wave dipoles. As in the case of dipole
antennas, the gain of a bow-tie antenna is not im-
proved by increasing its length.

4.3.5. Radiation patterns
The radiation patterns of the bow-tie antennas

integrated in our diodes have been measured in the E
plane, defined by the inset of Fig. 5, for angles
between us08 for normal incidence and about us
508. This limit is set by the presence of diffraction
effects on the bonding wires for larger angles. The
interpretation of the results in this incomplete range
is furthermore complicated by the substrate interfer-
ences that mask the antenna patterns. However, dif-
ferences in the power patterns of the various anten-
nas are perceptible with a good reproducibility and
permit a first characterization. The angle u is mea-
sured with an accuracy of "0.58 relative to the
normal incidence us08 that is determined with an
accuracy of "58. The wavelength relevant in the
following discussion is the dielectric wavelength of
10.6-mm laser radiation, i.e., approximately l fl´ eff

f3.1 mm.
For the bow-tie antennas with three different

arm-lengths, no difference in the power pattern was
observed for the polarization-independent response
V . For a variation of the angle of incidence u , theip

overall behaviour of this contribution to the signal is
well approximated by a cos u function. This part of
the signal, mainly of thermal origin, varies then
according to the decrease of laser irradiance if the
angle of incidence is increased.

More interesting is the power pattern of the polar-
ization-dependent response V , originating in the rec-p

tification of antenna currents in the diode. The obser-
vation of this pattern permits a better understanding
of the operation of our bow-tie antennas with a flare
angle fs608 and various arm lengths Lr2. Exten-
sive radiation-pattern measurements at frequencies of
about 500 MHz on various triangular dipoles and
conical antennas in free space have been performed

w xby Brown and Woodward 54 . They permit a scaled
comparison of their patterns with our patterns mea-
sured at infrared frequencies. A rigorous theoretical
calculation of bow-tie antenna power patterns is
missing in the literature. However, some similarities
are observed in the distribution of the lobes mea-
sured for bow-tie antennas and calculated for thin
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dipole antennas with a sine-wave current distribu-
tion. The far-field pattern in the E plane of a dipole

w xantenna with a full-length L yields 48

cos bL cos uqpr2 r2 ycos bLr2Ž . Ž .
E A ,u sin uqpr2Ž .

4.2Ž .

where bs2prl . As the flare angle f of a bow-tieeff

antenna is increased, the narrow zeros calculated for
the pattern of the thin dipole are filled. In our
experiments, the incident laser radiation is not colli-
mated, but rather focused by a lens of 12.7-cm focal
length. This implies the additional convolution with
an angular window, which broadens the lobes and
fills the zeros. All curves measured are symmetrical
in the E plane with respect to the normal axis.

The radiation pattern for a bow-tie antenna with a
half-length Lr2s1.9 mm is represented in Fig. 30.
Here we observe a main lobe around normal inci-
dence, broadened by the presence of a smaller side

w xlobe. The experimental data of 54 , which are repre-
sented in this inset of Fig. 30, are in good agreement
with our data. The theory based on the ideal sine-
wave dipole also predicts for this antenna length a
broad main lobe, and extremely small side lobes

centered around about "558. They are also repre-
sented in the inset. The complete absence of side
lobes is only characteristic of dipole and bow-tie
antennas smaller than a wavelength.

The radiation pattern measured for an integrated
bow-tie antenna with Lr2s2.3 mm is plotted in
Fig. 31. From this measurement, we conclude that
the pattern exhibits a main lobe for normal incidence
and higher side lobes close to us"508. Brown and

w xWoodward 54 observed the same behaviour, how-
ever with a relatively weaker main lobe, and a
second peak at approximately 458. An ideal dipole
with the same length shows side lobes near "42.48

with a slightly weaker amplitude than the main lobe.
The third investigated bow-tie antenna with a

half-length Lr2s3.9 mm exhibits the radiation pat-
tern displayed in Fig. 32. For this longer structure,
the antenna response V increases if the angle ofp

incidence is increased. A lobe is observed for an
angle of incidence G468. In the dipole model this
lobe corresponds to the second side lobes located at
"52.68 as shown in the inset of Fig. 32. For an
increasing angle of incidence these follow the princi-
pal lobe for normal incidence and the first side lobes
centered at us"23.48. In the case of our bow-tie
antennas the principal and the first lobes cannot be

Fig. 30. Radiation pattern of the polarization-dependent contribution V in the E plane for a bow-tie antenna with half-length 1.9 mm at 10.6p

mm wavelength.
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Fig. 31. Radiation pattern of the polarization-dependent contribution V in the E plane for a bow-tie antenna with half-length 2.3 mm at 10.6p

mm wavelength.

distinguished experimentally, probably because they
are broadened. To illustrate the effect of broadening
the dashed curve of the inset shows the influence of
a convolution over an angular window of "88 for a
thin dipole. This angular window does not corre-

spond to our focusing optics. It is exaggerated to
show the disappearance of the zeros and the broaden-
ing of the lobes. These effects originate in the convo-
lution with an angular window. In addition, they are
amplified by the deviation from the ideal sine-wave

Fig. 32. Radiation pattern of the polarization-dependent contribution V in the E plane for a bow-tie antenna with half-length 3.9 mm at 10.6p

mm wavelength.
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current distribution on the bow-tie antenna. The data
of Brown and Woodward include only antennas with
lengths up to two wavelengths. Yet, the extrapolation
suggests a decline of the lobes for small incidence
angles when the length of the antenna is increased.
This is in agreement with our measurement.

4.3.6. Detector performance
The effective receiving area of our integrated

antennas is expected to cover only a fraction of a
2 w xl -area according to antenna theory 48,88 . As a

consequence, we expect responsivities of the diodes
in the order of a few VrW. A better estimation
requires measurements of the effective receiving area
of our integrated antennas.

The detection signals measured with our thin-film
diodes are still about one order of magnitude below
those obtained with point-contact MOM diodes for
comparable CO -laser irradiance. We are convinced2

that their relatively low performance in this respect
is simply caused by the smaller dimensions of their
effective receiving area.

w xWilke et al. 19 compared the performances of
their diodes to those of other authors with the help of
the enhancement factor G introduced by Heiblum et

w xal. 28 . This factor permits only a comparison based
on irradiance. Estimations for our thin-film Ni–
NiO–Ni diodes connected to bow-tie antennas with a
half-length Lr2s2.3 mm yield a factor Gf300 at
room temperature. The comparison with the G-fac-
tors listed by Wilke et al. reveals that the detection
performances of our diodes are superior to those of
previously reported thin-film diodes.

4.4. Detection with spiral antennas

Contrary to the antenna types already discussed
the spiral antennas do not involve linear polarization.
An ideal infinite spiral antenna is matched to circular
polarization. However, the oversized asymmetric
central feed region of our particular spiral antennas
coupled to Ni–NiO–Ni diodes introduces a polariza-
tion-dependent antenna responsivity that differs from
circular polarization. In order to investigate this ef-
fect, we have performed experiments with different
polarizations. The Poincare representation maps all´
possible polarization states one-to-one on the unit

w xsphere 89,90,66,91 . The points located on the equa-

tor of the sphere correspond to linearly polarized
radiation while the points on a meridional represent
all the elliptically polarized radiations with a fixed
direction of the principal axis. The axial ratio bra of
a polarization state, defined as the ratio of the minor
axis b to the major axis a of the polarization ellipse,
is characterized by the longitude 2´ on the sphere
according to

tan ´s"bra. 4.3Ž .
The angle ´ is called the ellipticity of the ellipse

and its sign is positive for left-elliptical polarization
and negative for right-elliptical polarization accord-
ing to the IEEE definition. Two diametrically oppo-
site points on the sphere characterize two orthogonal
polarizations, e.g., the north and south poles coincide
with left and right circular polarizations. In the fol-
lowing sections, we describe detection experiments
performed with our spiral antennas with elliptically
and linearly polarized radiation.

4.4.1. Response to elliptical polarization
The experimental arrangement of Fig. 25 is modi-

fied in order to generate 10.6 mm radiation with
elliptical polarization. A quarter-wave mirror for 458

incidence is mounted after the half-wave plate. The
rotation of the fast axis of the half-wave plate causes
a change of the polarization on a meridional line of
the Poincare sphere. Circular polarization is obtained´
after the reflection on the phase shift mirror when
the plane of polarization of the incident beam is
oriented at "458 from the plane of incidence. A
rotation by an angle of ´r2 of the fast axis of the
half-wave plate corresponds then to a rotation of 2´

on a meridional line of the Poincare sphere. The´
angle w of the principal axis of the polarization
ellipse is defined in Fig. 15. It is arbitrarily chosen
ws08. We have registered the angle ´ that deter-
mines the ellipticity of the polarization for maximal
response of the diode as a function of the angle of
incidence u . The results expressed in axial ratios

Ž Ž .."bra Eq. 4.3 are represented in Fig. 33 for the
two wiring senses of the spiral antennas manufac-
tured. The two curves are averaged over the mea-
surements performed on five spiral antennas with the
same wiring sense, in order to reduce the error
D´s"38 associated with a single measurement.
The results for each type of spiral are located in the
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Fig. 33. Axial ratio tan e s "bra of the polarization at maximal response vs. angle of incidence. The positive sign indicates left-elliptical
polarization and the negative sign right-elliptical polarization. The angle w of the principal axis of the polarization ellipse is chosen
arbitrarily.

hemisphere corresponding to the wiring sense of the
spiral. However, the maximal response at normal
incidence occurs for a flat elliptical polarization with
an estimated axial ratio braf0.12. It shows a
strong deviation from the expected circular polariza-
tion. As the angle of incidence is increased, the
maximal signal is detected for a polarization with a
larger ellipticity, i.e., closer to circular polarization.
These measurements demonstrate that our antennas
are not matched to circular polarization. However,
the two wiring senses can be clearly distinguished,
particularly when the angle of incidence is increased.

4.4.2. Response to linear polarization
By measuring the maximal response of our diodes

with integrated spiral antennas to linearly polarized
radiation, we have determined the orientation of the
major axis of the polarization ellipse. A detailed
description of these experiments and their results has

w xbeen published previously by Fumeaux et al. 92 . In

this paper we report on the measured linear-polariza-
tion response of our diode and antenna as a function
of the wavelength of the incident radiation in the
range corresponding to the optimum transmission of
our SirSiO substrate, between 10.2 mm and2

10.7 mm in the 10R- and 10P-branches of the CO -2

laser spectrum. For this purpose the half-wave plate
in the experimental arrangement shown in Fig. 25 is
replaced by the combination of a CdS 10.6-mm
half-wave plate, a 10.6-mm quarter-wave mirror and
a BaF wire-grid polarizer as illustrated in Fig. 34.2

This permits a precise rotation of the linear polariza-
tion of the incident radiation over the wavelength
range investigated. This rotation is represented by
the points on the equator of the Poincare sphere.´

The experiment was performed as follows for
each CO -laser line investigated. The combination of2

the half-wave plate and the quarter-wave mirror for
10.6 mm permits a production of almost circular
polarization over the entire wavelength range consid-
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Fig. 34. Optical arrangement for the rotation of linearly polarized
radiation with wavelengths between 10.2 mm and 10.7 mm.

ered by slightly rotating the fast axis of the half-wave
plate with respect to the corresponding position at
10.6-mm wavelength. The selection of a linear com-
ponent of the polarization in any direction is per-
formed without change of the beam axis by rotating
the wire-grid polarizer. This polarizer is mounted on
a rotation stage that works with an accuracy of
approximately 1 arc min. The power as a function of
the polarization angle w defined in Fig. 15 was
measured with the reference thermal detector. This

yields a typical power of 100 mW for all orientations
of the linear polarizer. The laser beam is then fo-
cused on the diode under normal incidence. Thus,
the diode response is measured as a function of the
polarization angle over a range of G2008 in 58

steps. The measured signal is proportional to the
laser power. Therefore the signal for 100-mW power
as a function of w can be determined with the
previously mentioned calibration curve. The result-
ing response can be well approximated by the sum of
a constant and a squared cosine as shown in Fig. 35.
The maximum response of the diode corresponds to
the orientation w of the principal axis of the ellipti-0

cal polarization of our spiral antenna.
The measurement has been performed for 19 lines

of the CO -laser emission at wavelengths between2

10.2 and 10.7 mm. The measured wavelength depen-
dence of the orientation w of the principal axis of0

the elliptical polarization of the spiral antenna is
represented in Fig. 36. The measurement shows an
overall strong wavelength dependence in this small
range from 10.2 to 10.7 mm with fast oscillations
superimposed. The reproducibility of the data is
within "18.

Fig. 35. The polarization dependence of the spiral antenna that determines w .0
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Fig. 36. Wavelength dependence of the orientation w of the principal axis of the polarization ellipse of the spiral antenna. The solid line is0

computed from the model.

The marked wavelength dependence can be ex-
plained by a model based on the vector addition of
phasor-current elements tangential to the inner curves
of the spiral. In this model introduced by Fumeaux et

w xal. 92 , the thin-film spiral antenna is approximated
by a thin wire on the inner edge of the metallized

Ž .section Fig. 37 by taking into account that the
current is concentrated near the innermost surface of

w xthe spiral antenna 64 . Regarding our spiral antenna
w xas a transmitting antenna 39 , a travelling wave with

the circular frequency v and an effective wavelength
corresponding to the substrate wavelength of the
incident radiation is sent from the feed point at the
diode position. This wave propagates along the an-
tenna as on a lossy transmission line with an attenua-

y1 Ž .tion coefficient Gs0.15 mm Section 2.2.2 . The
vector sum of all closely spaced current elements
tangential to the spiral wires gives an instantaneous
image of the direction and amplitude of a corre-
sponding Hertzian dipole. During one period of the
30-THz cycle, this instantaneous dipole rotates by

Fig. 37. Wire approximation for the current-wave paths consid-
ered in our model.
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2p and covers an ellipse that represents the elliptical
polarization state of the antenna. The orientation of
the principal axis of this ellipse corresponds to the
polarization angle w of the maximum diode re-0

sponse to linearly polarized radiation.
Because of the capacitive impedance of the diode

and the asymmetries of the feed structure and the
readout configuration, the antenna structure cannot
be considered as balanced. This requires that two
modes are taken into account in the calculation, a
balanced mode with amplitude B and phase differ-
ence Dasp at the feed point between the outgoing
waves on the two spiral antenna arms on one hand,
and an unbalanced mode with amplitude U and
Das0 on the other hand. The effective propagating
mode is a combination of these two fundamental

w xmodes 93 .
The spiral antenna forms a transmission line for

waves with frequencies of the order of 30 THz. The
curvature of the antenna structure itself as well as the
terminations of the arms introduce a distributed re-
flection of the original outgoing wave. In our model,
this distributed reflection is represented by a lumped
reflection after a path L on the wire spiral at a
discrete location where total reflection of the outgo-
ing wave occurs. The wave then propagates back
toward the feed with a phase shift of p required by
the boundary condition at the reflection point. The
measured attenuation coefficient Gs0.15 mmy1 is
such that we neglect a second reflection of the
reflected wave at the feed point.

A linear fit to the measured data yields w s0

30.848 for l s10.7 mm and a difference of Dw s0 0

11.758 for wavelengths between 10.7 and 10.2 mm.
These estimations are compared with calculations
performed with the aid of our model with the path L
before reflection and the mode mixing ratio UrB as
free parameters. This comparison yields UrBs
y0.75 and Ls7.94 mm. This demonstrates that a
significant unbalanced mode exists on the antenna
structure and that reflections of the current waves
near the ends of the arms affect the observed polar-
ization behaviour. With these solutions for UrB and
L we can evaluate w and Dw as functions of l0 0 0

on the basis our two-mode model. The results of this
evaluation are shown as the solid line in Fig. 36.

The fast oscillation of the polarization angle w0

within the small wavelength range investigated,

which is apparent in Fig. 36, cannot be explained by
this model. A plausible cause may be rather in the
surroundings of the antenna than in its structure. The
period of the oscillations of w corresponds to that0

of the interferences presented in Section 4.2 and
illustrated in Fig. 27 as functions of the wavelength
in the 10P-branch. In the case of constructive sub-
strate interference, the effect of the radiation detected
from the air side of the antenna can be neglected. In
the case of destructive interference, however the
small signals can be influenced by modes exited by
radiation incident from the air side. The oscillation
of the signals resulting from these interferences in-
duces an oscillation of the maximum polarization
angle w . Consequently, one should also observe0

oscillations of the angle w for a fixed wavelength0

when the angle of incidence u is varied. Fig. 38
shows a measurement of the signal as a function of
the angle of incidence u for the CO -laser line2

Ž .10P 20 at 10.591-mm wavelength. The same graph
shows also the oscillation in opposition of the simul-
taneously registered angle w of the maximum polar-0

ization that is related to the right-hand y axis. The
amplitude of these oscillations between w s158 and0

w s358 corresponds to the measurement of Fig. 360
Ž .between the line 10P 20 and the adjacent lines. This

confirms that the fast oscillations are caused by a
substrate effect.

4.4.3. Performance and antenna patterns
The separation of polarization-dependent and po-

larization-independent contribution to the response
of the diode introduced for linear polarized antennas
is not possible for spiral antennas. However, the
sensitivity of an ideal circularly polarized antenna to
linearly polarized radiation is 3 dB lower than the
maximal sensitivity attainable with matched circular
polarization. The maximal detected signals obtained
with diodes with integrated spiral antennas illumi-
nated with linearly polarized radiation sets then a
lower limit to the possible efficiency. Therefore, we
have compared only the maximal response to linear
polarization attained by the best bow-tie antennas
with a half-length Lr2s2.3 mm on one hand and
the spiral antennas on the other hand. The diodes
with the two types of antennas have been produced
on the same wafer. For both configurations the con-
tact area was approximately 0.012 mm2. An absolute
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Fig. 38. Measured signal V and maximal polarization angle w as functions of the angle of incidence u .tot 0

comparison of these diodes relies on the assumption
that the thermal effects are independent of the type
of antenna. The average maximum response mea-

sured under the irradiance conditions mentioned in
Section 4.3.2 is 530.15"66.96 mV for thin-film
Ni–NiO–Ni diodes with integrated bow-tie antennas

Fig. 39. Radiation pattern V for 10.6 mm wavelength for an integrated spiral antenna with a diameter of 5.5 mm.tot



( )C. Fumeaux et al.r Infrared Physics & Technology 39 1998 123–183 163

and 713.93"33.35 mV for diodes connected to spi-
ral antennas. Consequently, the application of spiral
antennas yields a gain of at least a factor 1.35 over
the best bow-tie antennas tested.

A typical measured antenna pattern of a MOM
diode with an integrated spiral antenna is represented
in Fig. 39. It shows a main lobe perpendicular to the
antenna plane. For logarithmic spiral antennas a

w xcalculation was performed by Cheo et al. 60 . It
resulted in the following dependence of the far-field

< <amplitude E on the angle of incidence u :u

n
u

cos u tan exp nra arctan a cos uŽ . Ž .Ž .c cž /2
< <E Au 2 2(sin u 1qa cos uc

4.4Ž .
Ž .In this expression, a equals yln a according toc

Ž .our definition of the spiral by Eq. 2.13 , while n is
an integer that equals unity for a two-arm antenna.
According to this calculation, the main-beam width
depends on the tightness of the spiral antenna and
becomes large for a loosely tightened spiral. The
calculated power pattern corresponding to our spiral
antenna with as1.184 is represented in the inset of
Fig. 39 for comparison. A single main lobe for
perpendicular incidence was also observed for spiral

w xantennas in free-space by Dyson 57 , and for inte-
w xgrated spirals by Grossman et al. 44 and Buttgen-¨

w xbach et al. 59 . In spite of the influence of the
substrate, the measured patterns agree well with the
theoretical pattern of a spiral antenna in free space

w xcalculated by Cheo et al. 60 .

5. Pulse measurements

The application of short infrared radiation pulses
gives information about the speed of the different
conduction mechanisms in our Ni–NiO–Ni diodes.
For this purpose, we have used our optical-free-in-

Ž .duction-decay OFID system that produces 35-ps
10.6-mm CO -laser pulses with a repetition rate of2

0.5 Hz. It is described briefly in the following to-
gether with the experimental arrangement for the
measurement of the response of our diodes to the
35-ps 10.6-mm radiation pulses. Subsequently we
present the results of these experiments, which in-
clude the polarization dependence of the signals, and
the theoretical explanation of the thermal effects.
Finally, we describe the pulse detection with the
Ni–NiO–Ni diodes for zero bias voltage.

5.1. Experimental arrangement

The experimental setup for the pulse detection is
presented in Fig. 40. The OFID system developed in
our laboratory generates the 35-ps CO -laser pulses2

Fig. 40. Experimental arrangement for the detection of 35 ps 28 THz OFID CO -laser pulses.2
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w x94–98 . Single-longitudinal-mode TEM opera-00q

tion is achieved with a hybrid 10.6-mm CO -laser.2

The single-mode pulses emitted are truncated by a
plasma shutter at the maximum truncation time of
about 10 ps. This produces sidebands in the spectrum
of the truncated pulse. The plasma shutter is fol-
lowed by a cell of hot CO that acts as filter which2

eliminates the central frequency without affecting the
sidebands. The results are short 35-ps 10.6-mm pulses
with an energy of typically 100 mJ. They are fo-
cused on the diode with a 12.7-cm-focal-length ZnSe
lens. A reference signal is produced by a pyroelectric

Ž .detector Molectron P5-00, Cambell, USA . The lin-
ear polarization of the 10.6-mm laser radiation can
be rotated with a half-wave plate. The thin-film
Ni–NiO–Ni diode as target is biased with a current
source over a 50-V resistance and a bias-tee. The
bias voltage is measured and stabilized at typically
200 mV. The fast diode signal is recorded from the
RF connection of the bias-tee with a 2-channel os-

Ž .cilloscope TDS 620, Tektronix, Wilsonville, USA .
The signal from the pyroelectric detector serves as a
trigger. It is also registered with the oscilloscope.
Furthermore, it gives information on the shot-to-shot

variation of the pulse energy. The diode is mounted
on an x–y–z stage and the incidence angle can be
varied over a few degrees for alignment purposes.
The laser radiation can be attenuated by calibrated
teflon sheets in order to avoid high intensities that
could destroy the diode.

The diodes used for these measurements have
been equipped with bow-tie antennas. They were
mounted in the configuration used for the first mix-

Ž .ing experiments Section 3.3.2 that made use of
bonding wires as connections.

We have recorded the signals of over fifteen
hundred OFID pulses with our MOM diodes under
various conditions. In Section 5.2, we describe the
general characteristics of the observed signals.

5.2. General characteristics of the diode response

The response of a thin-film Ni–NiO–Ni diode to
35-ps short pulses is represented in Fig. 41 together
with the reference signal from the pyroelectric detec-
tor. The signal from the diode has a rise time of less
than 1 ns. It is comparable with that of the reference
signal and limited by the resolution of the oscillo-

Fig. 41. Responses to a 35 ps 28 THz OFID CO -laser pulse.2
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scope, which has an RC-limited rise time of about
700 ps. Due to the characteristic response time of the
apparatus, the signal rise is not resolved temporally.

After a fast peak the response exhibits a slower
relaxation that contains the information on the ther-
mal response speed of our diodes. The thermal relax-
ation times of the diodes are longer than the tempo-
ral resolution of our oscilloscope. This permits us to
determine the general form of the measured relax-
ation. A good approximation of this relaxation is
achieved by the sum of two exponential decay func-

Ž .tions Fig. 42 . This reveals that at least two thermal
processes are involved in the detection. The longer
exponential decay time t is about 100 ns. It can1

probably be assigned to the thermal diffusion in
SiO . The shorter decay time t of about 15 ns is2 2

probably related to thermal relaxation in Ni. A model
that involves these exponential decays is presented in
Section 5.4. The two time constants mentioned can
vary slightly with the alignment of the diode.

Apart from the thermal relaxation there exists a
fast response caused by rectification of the antenna
currents in the diode. It is not observed in each
response because it is attenuated and partly masked
by the thermal effects.

Examples of measured responses are plotted in
arbitrary units in Fig. 43b. The different forms ob-
served can be simulated by varying the relative ratio
of the different contributions as shown in Fig. 43a.
For these simulations, the pulse rise is approximated
by Gaussian functions with short characteristic times
from 1 to 7 ns, and the decay by three exponential
functions with decay times 100, 15 and 1 ns. The
ratio of the signal amplitudes caused by two thermal
contributions is taken 1:2 in favour of the faster
thermal effect. This corresponds approximately to
our measurements. Starting from the plot at the top,
the magnitude of the antenna contribution is in-
creased toward the bottom, i.e., the ratio r of the
maximal amplitude of the antenna contribution to the

Fig. 42. Thermal response of the MOM diode to a 35 ps 28 THz CO -laser pulse.2
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Ž .Fig. 43. Typical responses of the Ni-NiO-Ni diodes to 35 ps 28 THz CO -laser pulses: a Simulated pulses including three contributions2
Ž .with the amplitude ratio 1:2:r; b Measured pulses.

amplitude of the faster thermal effect contribution is
increased.

5.3. Polarization dependence

As for the detection of cw 10.6-mm laser radia-
tion the response of the MOM diodes to short pulses
exhibits a dependence on the polarization of the
incoming radiation. This polarization dependence is
represented in Fig. 44 for a Ni–NiO–Ni diode con-
nected to a bow-tie antenna with a half-length Lr2
s2.3 mm. It is the result of a measurement per-

formed near normal incidence. The maximal ampli-
tude of the response of the diode is plotted as a
function of the polarization angle w. The signal is
calibrated with respect to the simultaneously regis-
tered response of the pyroelectric detector that deter-
mines the energy of each pulse. Each point of the
figure corresponds to the measured calibrated signal
averaged over four pulses. The measured peak volt-

Ž .age V w as a function of the polarization angle w is
appropriately described by the sum of a constant Vip

Ž .and a cosine squared function according to Eq. 4.1 .
As in the detection experiments of cw radiation, the
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Fig. 44. Polarization dependence of the calibrated peak signal from our thin-film Ni-NiO-Ni diode integrated with a bow-tie antenna.

maximum of the curve described by w is located0

near 08, corresponding to the polarization direction
parallel to the antenna axis as expected. The value
w s4.618 calculated from the measurement repre-0

sented by Fig. 44 differs from 08. This deviation can
be explained by the experimental error. The ratio
V rV of the measurement illustrated in Fig. 44p ip

equals 4.93. Other similar measurements yielded ra-
tios between 4 and 5, much higher than the maximal
ratio found for the detection of cw laser radiation.
This can be explained by the fact that Fig. 44
characterizes the height of the fast peak which is in
principle determined by the rectification of antenna
currents in the diode. The polarization-independent
thermal effects mostly determine the slower relax-
ation and contribute only little to the fast response.

5.4. The thermal response

The following calculation which describes the
measured transient behaviour of the diode response

can be applied to both relaxation effects. The thermal
signal amplitude is proportional to the temperature
increase dT in the diode area. Thermal diffusion in a
bulk is described by the equation of heat conduction

E dTŽ .
rc ylD dT s0 orŽ .

E t

1 E dTŽ .
D dT y s0Ž .

D E t

with Dslrrc, 5.1Ž .
Ž 3. Ž .where r kgrm is the density, c Jrkg K the

Ž .specific heat, l Wrm K the thermal conductivity
Ž 2 .of the medium and D m rs the thermal diffusivity.

In the following, we assume that an extremely
short laser pulse that hits a plane sample causes a
temperature rise dT with a two-dimensional radial
distribution. We renounce a description by a three-
dimensional distribution because the 1.5-mm SiO2

layer is thin with respect to thermal diffusion. In
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addition, the SiO layers as well as the Si substrate2

absorb only about 3% of the laser radiation. There-
fore, we consider a two-dimensional radial distribu-

Ž .tion where the decay of dT r,t can be approxi-
Ž .mated by the following solution of Eq. 5.1 :

dT r ,t sdT J rrr eyt rt for rFx r ,Ž . Ž .0 0 0 01 0

dT r ,t s0 for r)x r , 5.2Ž . Ž .01 0

2 Ž .with r sDt and J x s0.0 0 01
Ž .The function J x represents the Bessel function0

w xof zero order 53 and x s2.4048 its first zero.01

This approximation is based on two assumptions.
First, we assume that for r)x r the sample repre-01 0

sents an infinite heat sink that suppresses any tem-
perature rise, so that dTf0. Secondly, we assume
that the section of the short laser pulse whose ab-
sorption contributes to the temperature rise has the
form

I r ,t s I d t J rrr for rFx r ,Ž . Ž . Ž .0 0 0 01 0

I r ,t s0 for r)x r , 5.3Ž . Ž .01 0

Ž .where the Dirac delta function d t reflects the
extremely short laser pulse. In view of our experi-

ments, we should mention that our minimal estimates
for the radius rsx r resulted in 0.56 mm for01 0

SiO , 2.80 mm for Si and 1.27 mm for Ni. These2

estimated radii are reasonable because they are larger
than the radius of the diode contact area, where the
temperature rise causes an effect.

This model that describes the exponential be-
haviour of the thermal relaxation in the pulse mea-
surements will be used also in Section 6 for the
characterization of the influence of thermal effects in
mixing experiments. The thermal characteristic times
measured by pulse detection permits us to estimate
the range of difference frequencies where the ther-
mal effects play a role in the mixing process.

5.5. Zero-bias pulse detection

The response of a Ni–NiO–Ni diode to OFID
pulses when no bias voltage is applied permits a
reliable separation of the optical from the thermal
effects. An example of response measured with Vbias

f0 V is represented in Fig. 45. In this case the fast
response and the thermal signal exhibit opposite

Fig. 45. Response of the unbiased diode to 35 ps 28 THz OFID CO -laser pulses and a simulated pulse including the three contributions2

with the amplitude ratio 1:2:r.
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polarities. For an ideally symmetric MOM contact,
no net rectified current is observed when the bias
voltage applied to the diode is zero. However, in
practical configurations of thin-film MOM diodes,
the barrier tends to be asymmetric with a slightly
lower barrier height on the side of the metal de-

w xposited first 27 . This explains that even for a bias
voltage of zero, a small tunneling signal is observed.
This fast signal due to field-assisted electron tunnel-
ing exhibits rise and decay times of less than 1 ns
which represents the temporal resolution of the os-
cilloscope. The slower response that follows with an
opposite sign is caused by the thermal effects and by
the asymmetry of the configuration. The first de-
posited metal electrode of the diode is in direct
contact with the substrate that is heated by absorp-
tion of radiation. The overlapping Ni arm has no
direct contact with the substrate at the diode location,
so that this electrode contains less thermally excited
electrons. This results in a net flow of electrons
through the barrier. The nature of the small asymme-
try induces then the opposite sign of the contribu-
tions of the two effects when the bias voltage is kept
at zero. The upper plot of Fig. 45 shows a simulated
pulse similar to Fig. 43. The negative ratio r of Fig.
45 reflects the fact that the thermal and the optical
contributions have opposite polarities.

6. Mixing experiments

Point-contact MOM diodes have been intensively
used as mixers for absolute frequency measurements
and high-resolution spectroscopy. In this section we
describe the first successful mixing of 28-THz CO -2

laser radiation performed with our thin-film Ni–
NiO–Ni diodes with integrated bow-tie antennas and
integrated rhodium waveguides. These experiments
resulted in the measurement of laser difference fre-
quencies up to 176 GHz in mixing processes up to
the fifth order by addition of microwaves generated
by a Gunn oscillator.

6.1. Preliminary experiments

Preliminary mixing experiments of two 28-THz
CO -laser emissions with our Ni–NiO–Ni diodes2

Ž .were made at LENS Florence, Italy . They resulted

in the generation of difference frequencies up to
85 MHz between two CO lasers oscillating on the2

same transition in the 10P-branch and tuned over the
w xDoppler gain curve 78 . The diodes used on this

occasion were mounted in the configuration pre-
Ž .sented in Section 3.3.2 Fig. 17 with bonding-wire

connections. They were based on silicon substrates
with a resistivity of 3 to 5 V cm. Because of the
considerable attenuation of signals at GHz frequen-
cies caused by the bonding wires, the substrate losses
and the unfavourable structure on the chip mixing at
higher difference frequencies was not possible.

On this occasion we demonstrated that the sec-
ond-order mixing signal amplitudes measured with
our thin-film Ni–NiO–Ni diodes are proportional to

Ž .the second derivative of the static I V character-
Ž .istics according to Eq. 2.2 . The mixing-signal am-

plitude shows therefore a linear dependence on the
square root of the product of the power of the two
lasers. The results from these first mixing experi-
ments indicated the potential of our diodes concern-
ing mixing of adjacent CO -laser emissions with2

difference frequencies in the order of 60 GHz.

6.2. Experimental arrangement

During our following mixing experiments per-
formed at the Physikalisch-Technische Bundesanstalt
Ž .PTB, Braunschweig, Germany we detected consid-
erably higher difference frequencies between two
adjacent or close 28-THz CO -laser transitions in the2

w x10P branch 99,100 . On this occasion, we used
thin-film Ni–NiO–Ni diodes with a contact area of
approximately 110 nm=110 nm connected to the
integrated bow-tie antennas that exhibit the best de-
tection signals. These antennas possess an overall
length of 4.6 mm corresponding to 3r2 of the
substrate wavelength of incident 10.6-mm radiation
Ž .Section 4.3.4 . The diodes were mounted in the
improved high-frequency configuration described in
Section 3.3.3 with flip-chip connections and novel
integrated rhodium waveguides. The diodes and an-
tennas were consequently irradiated from the back
side of the chip. They were supported by low losses

Ž .high-resistivity )3 kV cm silicon substrates
coated on both sides with 1.5-mm SiO -layers.2

The experimental setup for mixing two CO -laser2

emissions at room temperature is illustrated in
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Fig. 46. Experimental arrangement for mixing experiments with cw 28 THz CO -Laser radiation.s

Fig. 46. The two tunable CO lasers constitute part2

of the permanent frequency-measurement chain of
w xthe PTB 101 . The CO -laser emissions used in our2

Ž w x.experiments are listed in Table 4 Ref. 102 . The
colinearly combined infrared beams were spatially
filtered through a pinhole and focused onto the Ni–
NiO–Ni diode with a lens of 63.5 mm focal length at
an incidence angle of approximately 88 to prevent
back reflection in the beam axis. The linear polariza-
tion of the infrared radiation, identically oriented for
the two lasers, was rotated with a CdS half-wave
plate. The total laser power on the diode was con-
trolled with an iris and kept at approximately 400
mW for all the measurements. The alignment of the
diode and the colinearity of the two lasers were
optimized by measuring the dc output signal of the
diode when used as detector. For this purpose, the
beam was mechanically modulated by a chopper
with a frequency of 170 Hz, while the rectified

Table 4
Frequencies and wavelengths of the vibrational–rotational CO -2

w xlaser transitions 102 used in our mixing experiments

Ž . Ž .CO -laser emission Frequency THz Wavelength mm2

Ž .10P 30 28.0274319 10.7640602
Ž .10P 32 27.9694499 10.7411219
Ž .10P 34 27.9107213 10.7185683
Ž .10P 36 27.8512433 10.6963942

signal was measured with a lock-in amplifier. The
bias voltage applied to the diode was in all the
experiments limited to 200 mV, which constitutes a
safe working condition for our thin-film diodes.

In the second-order mixing experiments, the dif-
ference-frequency signals of over 50 GHz between
two adjacent CO -laser lines were transmitted by HF2

Ž .coaxial cables Wiltron-V to a high-sensitivity mi-
crowave receiver for the 40–60 GHz band that was
developed at the Swiss Post Office Research Labora-

Ž .tory PTT, Bern, Switzerland . This external mixing
of the beat signals with a tunable microwave source
yielded signals in the 10–500 MHz range which
were monitored on a spectrum analyzer. For the
measurement of beat signals in the MHz range be-
tween the CO -lasers oscillating on the same transi-2

tion, the IF-signals were preamplified and displayed
on the spectrum analyzer.

The detection of the higher-order mixing pro-
cesses required microwave radiation generated by a
Gunn oscillator working at the frequencies 58.8 GHz
"50 MHz with a power of 100 mW. For this
purpose the diode was irradiated with the mi-
crowaves emitted from the open end of a hollow
waveguide at a distance of 2 cm to 3 cm. The mixing
signals were measured with the spectrum analyzer
after 32-dB preamplification. The mixing processes
performed with this arrangement are listed in
Table 5.
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Table 5
Mixing performed with thin-film Ni–NiO–Ni diodes

Mixing process Mixing Laser difference SrN Bandwidth Polarization
Ž . Ž . Ž .order frequency Dn ratio dB kHz contrast dB

Ž . Ž . Ž .Beat 10P 30 –10P 30 e.g. 2 0.5 to 70 MHz 61 100 14–22
Ž . Ž . Ž .10P 32 –10P 34 external mixing 2 58.73 GHz 22 100 34.4
Ž . Ž .10P 32 –10P 34 qMW 58.8 GHz 3 58.73 GHz 47 100 34.4
Ž . Ž .10P 30 –10P 30 :2=Dn 4 12 MHz 8 100 y
Ž . Ž .10P 30 –10P 34 q2=MW 58.8 GHz 4 116.71 GHz 19 100 )25
Ž . Ž .10P 36 –10P 30 q3=MW 58.8 GHz 5 176.19 GHz 14 300 y

In Sections 6.3, 6.4 and 6.5, the results are pre-
sented in detail, first for second-order and then for
higher-order mixing.

6.3. Second-order mixing

Second-order mixing and detection by MOM
diodes are determined by the second-order term in
the Taylor expansion of the current I as a function of
the voltage V for the bias voltage V applied. Thebias

nonlinearity of MOM diodes for frequencies in the
Ž .28-THz region follows the dc I V characteristics as

w xdemonstrated by Klingenberg and Weiss 103 and
w xverified by Fumeaux et al. 78 for our thin-film

Ni–NiO–Ni diodes. Thus, the second derivative of
Ž .the I V curve measured at 10 kHz describes ade-

quately the detection and second-order mixing re-
sponse in all our experiments performed with CO -2

YŽ .laser radiation. The I V characteristic of the diodes
Ž .used for the present experiments Fig. 22 is sym-

metric with respect to the zero-bias point. It shows a
saturation of the linear behaviour observed in 1996

w xby Fumeaux et al. 78 .
Ž .The second-order mixing of the 10P 32 and

Ž .10P 34 transitions of the CO -lasers with a differ-2

ence frequency Dnf58.7 GHz was measured with
our thin-film MOM diode as described in Section

Ž .6.2. It showed a signal-to-noise SrN ratio of 22
Ž .dB with a 100 kHz resolution bandwidth RBW at a

bias voltage of 160 mV. A monotonous increase of
the signal with the bias voltage was observed with a
saturation above 160 mV in agreement with the

YŽ .I V curve of Fig. 22.
Beat signals between the two CO -lasers oscillat-2

Ž .ing at the same transition, e.g. 10P 30 , and tuned on
the gain curve of the lasers by means of piezoelectric

elements were measured with frequencies between
500 kHz and 70 MHz and SrN ratios up to 61 dB
Ž .100 kHz RBW . The discrepancy between the mag-
nitude of the signals in the MHz and GHz range is
explained by the contribution of the thermal effects
at frequency in the MHz range on one hand and by
the partial coupling of the 58.7 GHz signal into the
coplanar rhodium waveguide on the other hand. Ad-
ditional losses in the rhodium and succeeding gold
waveguides and connectors are 4 to 5 dB.

The amplitude of the beat signal as a function of
the polarization angle w is represented in Fig. 47 in
a linear scale for the second-order mixing of the

Ž . Ž .10P 32 and 10P 34 transitions with a difference
frequency of 58.7 GHz. In agreement with antenna
theory, the dependence on w is well described by the
sum of a small constant V and a squared cosineip

with amplitude V . This corresponds to the polariza-p
Ž .tion dependence of detection signals of Eq. 4.1 .

The maximal polarization response with respect to
the bow-tie antenna axis occurs for the polarization
parallel to the antenna, i.e., for w f08. The small0

deviation of the angle w from 08 can be explained0

by the experimental errors of the positioning of the
diode, the polarization of the lasers and the calibra-

Ž .tion of the half-wave plate. Eq. 4.1 permits an
interpolation of data also for signals under the noise
level. It yields a contrast ratio V rV of 52.21p ip

corresponding to 34.4 dB in a logarithmic scale. This
almost perfect polarization dependence at the differ-
ence frequency of 58.7 GHz demonstrates the com-
plete linear polarization of our bow-tie antenna as
predicted by the antenna theory of microwave tech-

w xniques 48 . This can be explained by the fact that in
our range of difference frequencies, the polarization-
independent thermal effects are too slow to influence
the mixing signal.
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Ž . Ž .Fig. 47. Polarization dependence of the signal amplitude of the second-order mixing of the CO -laser transitions 10P 32 and 10P 34 with a2

difference frequency of 58.7 GHz.

6.4. Dependence of the thermal response on the
difference frequency

The difference-frequency dependence of the
polarization ratio V rV was also measured betweenp ip

0.5 and 70 MHz by making use of the beat signal of
the radiation of the two lasers oscillating on the

Ž .10P 30 transition. The measured ratios V rV ofp ip

the response for the polarization parallel to the an-
tenna axis vs. the response for the cross-polarization
are represented in Fig. 48 as functions of the differ-
ence frequency Dn , together with the ratio at 58.7
GHz. The circles indicate the measurements per-
formed with a thin-film Ni–NiO–Ni diode mounted
in the flip-chip configuration and supported by the
high-resistivity substrate. The squares indicate the
measured ratios for a diode used for the preliminary

w xmixing experiments 78 making use of bonding-wire
connections and 3–5 V cm silicon for the substrate.
The error associated with these measurements is
"0.5 dB for each point. The difference-frequency
dependence of this ratio is explained by the fact that
the polarization-independent thermal contributions to

the mixing signal are slow and disappear for differ-
ence frequencies Dn above a few megahertz.

The description of the influence of the thermal
effects in the mixing experiments is made on the
basis of the model already presented in Section 5.4
for pulse detection measurements. In the case of

Ž .mixing, the laser power I r,t absorbed per unit
volume has a radial distribution and a component
modulated at the beat circular frequency Dvs
2pDn . This component causes a temperature modu-

Ž .lation dT r,t at the beat frequency that is deter-
mined by the equation of heat conduction as follows

E dTŽ .
rc ylD dT sI r ,tŽ . Ž .

E t

s I r 1qcos Dv tŽ . Ž .Ž .

1 E dTŽ .
or D dT yŽ .

D E t

I rŽ .
q 1qcos Dv t s0. 6.1Ž . Ž .Ž .

l
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Fig. 48. Dependence of the ratio V rV of the signal amplitudes for the polarization parallel to the antenna axis and for the crossp ip

polarization on the difference frequency Dn .

As in Section 5.4 this equation can be solved if
one assumes for the power modulation a radial distri-

Ž .bution described by the Bessel function J x of0

zero order

I r s I J rrr for rFx r ,Ž . Ž .0 0 0 01 0

I r s0 for r)x r , 6.2Ž . Ž .01 0

2 Ž .with r sDt and J x s0.0 0 01
Ž .The particular solution of Eq. 6.1 with the as-

Ž .sumption of Eq. 6.2 yields the dependence of the
Ž .amplitude of the temperature modulation dT r,t

with respect to the difference circular frequency Dv

Dt I0
dT r ,t s J rrrŽ . Ž .0 02l (1q Dv tŽ .

= 1qcos Dv tyw 6.3Ž . Ž .Ž .
Ž .for rFx r and wsarctan Dv t .01 0

The amplitude of the thermal beat signal is pro-
portional to the part of this temperature modulation

Ž .dT r,t oscillating with the circular frequency Dv

and the phase retardation w. The total oscillating
Ž .signal V t is the sum of the two thermal contri-total

butions with the amplitudes A , A and theth,1 th,2

optical contribution with the amplitude Aopt

V t sA cos Dv t qA DvŽ . Ž . Ž .total opt th ,1

=cos Dv tyw qA DvŽ . Ž .1 th ,2

=cos Dv tyw 6.4Ž . Ž .2

with the corresponding thermal amplitudes and
phases

A 0Ž .th ,1& 2
A Dv s andŽ .th ,1& 2 2(1q Dv tŽ .1& 2

w sarctan Dv t . 6.5Ž . Ž .1& 2 1& 2

By taking account of trigonometric relations, the
Ž .total signal V t can also be represented bytotal

V t sA Dv cos Dv tyw 6.6Ž . Ž . Ž . Ž .total total total

Ž .with the total amplitude A Dv that is given bytotal

A Dv s A2 qA2
Dv qA2

DvŽ . Ž . Ž .Žtotal opt th ,1 th ,2

1r2
qphase terms 6.7Ž ..
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with the phase terms

2 A A Dv cosw qA Dv coswŽ . Ž .Ž .opt th ,1 1 th ,2 2

q2 A Dv A Dv cos w yw . 6.8Ž . Ž . Ž . Ž .th ,1 th ,2 1 2

Ž . Ž .A Dv , A Dv , w and w are describedth,1 th,2 1 2
Ž .by Eq. 6.5 . The ratio V rV can be calculated byp ip

the relation

Vp Signal amplitude for parallel polarization
Dv sŽ . Signal amplitude for perpendicular polarizationVip

A5
DvŽ .total

s 6.9Ž .HA DvŽ .total

5 Ž . H Ž .with the A Dv and A Dv determined bytotal total
Ž .Eq. 6.7 .

The curves of Fig. 48 have been calculated ac-
cording to this model. The calculated full curve is
characterized by the time constants t s100 ns and1

t s15 ns which were measured on identical diodes2

in the first configuration by short-pulse detection
experiments. It shows an asymptotical behaviour of
the ratio V rV already in the MHz range. On thep ip

contrary, the new thin-film MOM diodes do not
exhibit this asymptotical behaviour of the V rVp ip

curve under 70 MHz. A monotonic increase is ob-
served which culminates in a ratio of 52.2 for the
difference frequency of 58.7 GHz. This suggests a
thermal time constant shorter than those of the previ-
ous diodes and a contact area even smaller than
stated before. In our fitting procedure, the time con-
stant of the thermal diffusion in the SiO -layer of our2

substrate was kept at the measured value of
t s100 ns, while the second time constant t for1 2

the diffusion in Ni, which is crucially dependent on
the geometry of the Ni-layer and on the contact area,
was taken as a free parameter. The fitting yielded
t f4.7 ns and resulted in the dotted curve of Fig.2

48.
For our diode manufactured on the high-resistivity

Ž .silicon )3 V cm , the following two extremes can
be deduced from the experimental data presented in
Fig. 48

V A5 qA 0 qA 0Ž . Ž .p opt th ,1 th ,2
0 s f5.1,Ž . HV A qA 0 qA 0Ž . Ž .ip opt th ,1 th ,2

V A5
p opt

` s f52.2. 6.10Ž . Ž .HV Aip opt

A5 and AH represent the signal amplitudes dueopt opt

to antenna coupling for the polarization parallel and
perpendicular to the antenna axis.

6.5. Higher-order mixing

Higher difference frequencies between CO -laser2

transitions were also measured in third-, fourth- and
fifth-order mixing processes. For this purpose, the
thin-film Ni–NiO–Ni diode was irradiated by mi-
crowaves generated by a Gunn oscillator working at
the frequencies of 58.8 GHz"50 MHz as well as by
the two CO -laser beams. The mixing signal was2

measured at the frequency

n s n yn y ny2 n , 6.11Ž . Ž . Ž .measured 1 2 MW

where n and n represent the CO -laser frequen-1 2 2

cies, n the frequency of the Gunn oscillator, andMW

ns2, 3, 4, 5, the mixing order.
Ž .A third-order mixing signal ns3 at a frequency

n s109 MHz is displayed in Fig. 49. It ex-measured
Ž .hibits a 47-dB SrN ratio 100 kHz RBW . This is

the result of a measurement with the unbiased diode.
At present, mechanism and efficiency of the cou-
pling of microwave radiation to our structures are
unknown. The coupling that probably occurred via
the connections was optimized by moving the posi-
tion of the hollow waveguide relative to the diode.
Polarization and incidence angle of the microwave
radiation are not critical. Therefore third-order mix-

Žing signals with an SrN ratio of 30 dB 100 kHz
.RBW were easily achieved even with unfavourable

microwave irradiation.
The third-order mixing signal is proportional to

the third-order coefficient of the Taylor expansion of
the current I as a function of the voltage V across
the diode. Fig. 50 represents the smoothed calculated

Z Ž .third derivative I V that is proportional to this
coefficient. This third derivative was evaluated nu-

YŽ .merically with the smoothed I V curve of Fig. 22.
Also represented in Fig. 50 is the relative magnitude
of the third-order mixing signal in arbitrary units as a
function of the bias voltage. It shows the same

Z Ž .behaviour as the third derivative I V with a maxi-
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Ž . Ž . Ž .Fig. 49. Signal of third-order mixing ns3 between the two CO -laser emissions 10P 32 and 10P 34 and a Gunn oscillator working at2

58.8 GHz. The two CO -laser emissions, each with a power of f200 mW, are polarized parallel to the antenna axis. The bandwidth of the2

spectrum analyzer is 100 kHz.

mum for zero-bias voltage. Because of the symmetry
of the contact, the same points are taken for positive

Ž .and negative bias voltages. Consequently, the I V
characteristics measured at 10 kHz describes accu-
rately the nonlinearity for frequencies up to at least
28 THz.

The dependence of the third-order mixing signal
on the polarization of the incident CO -laser radia-2

tion was also measured. It is represented in Fig. 51
in a linear scale. The signal is below the noise level
for the polarization perpendicular to the antenna axis.
The interpolation of the data below the noise level is

Ž .performed by fitting with the aid of Eq. 4.1 . This
yields a ratio of the amplitude of the response for
polarization and cross-polarization of 52.14 or 34.3
dB in perfect accordance with the analogue measure-
ment of second-order mixing with the difference
frequency of 58.7 GHz presented in Fig. 47.

Fourth-order mixing was measured in two differ-
ent ways. First, we measured a signal with a fre-

Ž .quency n f900 MHz by mixing the 10P 30measured
Ž .and 10P 34 CO -laser transitions with the second2

harmonic of the 58.8 GHz microwaves generated by
Ž .the Gunn oscillator ns4 . This resulted in a SrN

Ž .ratio of 19 dB 100 kHz RBW . In this measurement,
we observed a monotonic increase of the amplitude
of the signal for increasing bias voltage. The symme-
try of our contact explains the necessity of a bias
voltage for even order mixing processes because the

Ž .corresponding terms of the I V expansion almost
w xvanish for zero V 104 . Fourth order-mixing wasbias

also demonstrated without microwave illumination
with a weak SrN ratio of 8 dB. For this purpose we
measured simultaneously the beat signal of the two

Ž .CO -lasers oscillating on the 10P 30 transition with2

a difference frequency of 6 MHz and the second
harmonic of this beat signal at 12 MHz. The mea-
sured ratio of the amplitude of the beat signal vs. the
amplitude of its second harmonic was y52 dB. The
contribution to the amplitude of the second harmonic
caused by the nonlinearity of amplifier and circuitry
was measured at the frequency of 6 MHz which was
generated by a frequency synthesizer. The amplifier
and the circuitry produced the second harmonic at a
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Z Ž . Ž .Fig. 50. Third derivative I V of the static current-voltage characteristics I V compared with the relative amplitudes of third-order
mixing signals as a function of the bias voltage V .bias

frequency of 12 MHz with a relative ratio of y60
dB. The 8-dB difference between the two measure-
ments is therefore attributed to harmonic generation
in the Ni–NiO–Ni diode. The weak SrN ratio re-
sulting from this calculation reflects the lower level
of even-order mixing signals already reported for

w xpoint-contact diodes 105 .
The highest laser difference frequency of 176.2

GHz measured with our thin-film MOM diodes was
Ž . Ž .obtained by fifth-order mixing ns5 of the 10P 36

Ž .and 10P 30 transitions of the CO -lasers and the2

third harmonic of the 58.8 GHz microwaves. The
resulting signal has a frequency n f230 MHzmeasured

Ž .and a maximal SrN ratio of 14 dB 300 kHz RBW .
The low SrN is not the consequence of the high
difference frequency yet of the fast decrease of the
SrN ratio with increasing mixing order n. For an
odd mixing order n an SrN ratio decreasing asodd

SrNfconstPny7 .4 6.12Ž .odd

was reported for point-contact diodes by Sakuma and
w xEvenson 105 . A direct comparison of our experi-

ments with this dependence would require mixing
data at higher orders and identical optimization of all
the different mixing steps. However, the tendency of
our results is in accordance with the measurements
on point-contact diodes.

6.6. Future aspects

Our experiments represent the first mixing of
28-THz laser radiation with difference frequencies
up to 176 GHz for nonlinear processes up to the fifth
order. At difference frequencies in the GHz range,
the polarization-independent thermal effects that are
observed at lower difference frequencies and in de-
tection experiments are too slow to contribute to the
mixing process. This explains that the ratio V rVp ip

of the signal for the polarization parallel to the
antenna axis vs. the signal for the cross-polarization
increases as a function of the difference frequency
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Ž . Ž .Fig. 51. Polarization dependence of the signal of third-order mixing between the CO -laser emissions 10P 32 and 10P 34 and microwaves2

generated by the Gunn oscillator at a frequency of 58.8 GHz.

Ž . Ž .Fig. 52. Historical development of point contact mixers white and thin-film mixers black with respect to carrier and difference
w x w x Žw xfrequencies. References: Point-contact MIM diodes 4,26 , Schottky point-contact diodes 26,107 , scanning tunneling microscope 108 ,

. w x w xKrieger, 1977 , thin-film Cr-NiO-Ni diodes 12 , NbN bolometers 109 .
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and reaches the asymptotic value of 52.2 at a differ-
ence frequency of 58.7 GHz. This high ratio demon-
strates the efficiency and perfect polarization of our
integrated resonant bow-tie antenna with an arm
length of 4.6 mm. The mixing experiments with high
difference frequencies permitted the elimination of
the masking thermal effects in the study of our
planar infrared antennas.

Ž .As for point-contact MOM diodes, the static I V
characteristics of our thin-film Ni–NiO–Ni diodes
describe correctly the nonlinearity of the device for
infrared frequencies up to at least 28 THz. The
signals measured are proportional to the derivative of

Ž .this I V characteristics corresponding to the mixing
Ž .order. The detailed knowledge of this I V curve

and its Taylor expansion permits to optimize the bias
voltage applied to the diode in order to maximize the
mixing-signal amplitude.

Higher difference laser frequencies by the mixing
of 28-THz radiation with our thin-film diodes can be
achieved in higher-order mixing processes. However,
the rapid decrease of the SrN ratio of the mixing
signal with increasing mixing order suggests the
application of microwave sources with higher fre-
quencies, e.g., 200-GHz klystrons, in a low-order
mixing process.

The SrN ratios of 14 to 47 dB measured with our
thin-film diodes are still below those which resulted
from the corresponding measurements on point-con-

w xtact MOM diodes 104–106 . The performance of
our diodes can be improved by narrower focusing of
the infrared radiation and by a more efficient cou-
pling of the microwave radiation to the diode. The
demonstration of the generation of difference fre-
quencies with our thin-film Ni–NiO–Ni diodes has
revealed that the present contact area of 110 nm=

110 nm yields a response to 10.7-mm CO -laser2

radiation within times of about 36 fs.
The historical progress of point-contact and thin-

film mixers is represented in Fig. 52 from the per-
spective of the maximal attained carrier- and differ-
ence-frequencies. MOM diodes were demonstrated

w xto work up to the visible range 4,25 yet with poor
sensitivity. Promising devices for heterodyne mea-

w xsurements at 10 mm wavelength 107 and in the
w xvisible range 26 are Schottky point-contact diodes

Ž w xand the scanning tunneling microscope Ref. 108 ;
W. Krieger, Max-Planck-Institut fur Quantenoptik,¨

8046 Garching, Germany, private communication,
.1997 . The extreme-frequency operation of thin-film

devices involves severe problems, yet represents an
alternative leading to the realization of more stable
and reproducible devices that could be integrated in
arrays. The mixing of 300-mm radiation performed

w xby Small et al. 12 with thin-film Cr–NiO–Ni diodes
remained the unsurpassed limit for over 20 years.
The mixing of 10.7-mm radiation with our thin-film
Ni–NiO–Ni diodes constitutes an important step for-
ward that demonstrates that thin-film diodes can
achieve the performance of point contacts. At present

w xother thin-film devices like NbN bolometers 109
Ž .and superconductor–isolator–superconductor SIS

w xcontacts 110 are well suited for low-noise astro-
nomical applications with frequencies up to 1 THz.

7. Conclusions

In this study we have reported on the fabrication
of thin-film Ni–NiO–Ni diodes with a minimum

Ž 2 .contact area of 110 nm=110 nm 0.012 mm . To
our knowledge our MOM diodes are the smallest
thin-film diodes ever manufactured. They are fabri-
cated on SiO rSi substrates with the help of elec-2

tron-beam lithography and possess contact areas with
dimensions in the range of those of point-contact
diodes. Our diodes are connected to integrated in-
frared dipole, bow-tie and spiral antennas that couple
28-THz CO -laser radiation and permit detection and2

mixing.
The nonlinearity of our thin-film diodes up to at

least 28 THz can be described by the second deriva-
Ž .tive of the I V characteristics measured at 10 kHz.

The detection signals and second-order mixing sig-
nals are proportional to this second derivative,
whereas higher-order mixing is described by the
derivative corresponding to the mixing order. The

YŽ .typical second derivative I V as a function of the
bias voltage applied to the diode is linear for low

YŽ .bias. As the bias voltage is increased, I V exhibits
a saturation followed by a maximum. The zero-bias
resistance R of the thin-film diodes investigated in0

this study is in the order of 100 V. The deviation
from an inversely proportional dependence of R on0

the contact area of the diode shows the presence of a
contribution from spreading resistance besides the
generally accepted electron tunneling mechanism.
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The measurement of the dc signals generated by
the diodes with integrated linear polarized antennas
when irradiated with a CO -laser permits the distinc-2

tion between a polarization-dependent contribution
V caused by antenna-coupling and a polarization-p

independent contribution V that is mainly of ther-ip

mal origin. The polarization-independent part of the
signal shows no dependence on the contact area and
the type of integrated antenna. On the contrary, the
polarization-dependent antenna signals are superior
for smaller contacts and depend explicitly on the
type of antenna. The overall best responsivities of
linearly polarized integrated antennas are achieved
by diodes connected to a bow-tie antenna with a total
length of 4.6 mm. This length corresponds to 3r2 of
the substrate wavelength of 10.6 mm CO -laser radi-2

ation. The maximal amplitude ratio V rV of thep ip

polarization-dependent signal to the polarization-
independent signal reaches 2.2.

Spiral antennas yield the highest signals for a
given irradiance. However, our asymmetric spiral
antennas show a deviation from the circular polariza-
tion expected. The wavelength dependence of the
orientation of the principal axis of the elliptical
polarization can be explained by a model that de-
scribes the propagation of current waves on a lossy
transmission line. This model demonstrates that a
balanced and an unbalanced mode propagate on the
arms of the spiral. The imbalance is probably caused
by the reactive impedance of the diode and by the
asymmetry of the feed region. The reflection near the
ends of the spiral arms influences the polarization of
the antenna.

The response of our thin-film Ni–NiO–Ni diodes
to 35 ps 28-THz OFID CO -laser pulses includes2

three distinct additive contributions. A fast response
caused by antenna coupling is followed by a slower
relaxation that consists of two diffusion effects which
probably occur in the SiO and Ni layers of our2

structures. The thermal relaxation is adequately de-
scribed by two exponential functions with the char-
acteristic times t f100 ns and t f15 ns. In con-1 2

sideration of these characteristic times we conclude
that thermal effects are too slow to play a role in the
mixing of two CO -laser beams for difference fre-2

quencies in the GHz range. The polarization depen-
dence of the peak response of the diode to the short
pulses corresponds to the dependence observed when

detecting cw radiation. However, the contrast mea-
sured is half that found for pulse measurements.

For the first time we have achieved mixing of
28-THz radiation with thin-film diodes. Thus, we
have measured laser difference frequencies up to
176 GHz in mixing processes from the second to the
fifth order by irradiation of the diode with two
CO -laser beams and microwaves generated by a2

Gunn oscillator. These measurements have been per-
formed with thin-film Ni–NiO–Ni diodes connected
to our optimal bow-tie antennas. The transmission of
the high-frequency signals to the amplifiers was
ensured by integrated rhodium waveguides, minia-
ture flip-chip connections to coplanar waveguides on
a ceramic substrate and high-frequency coaxial ca-
bles. Diode and antenna were in this arrangement
irradiated through the high-transmittance SirSiO2

substrate. This permitted us to take advantage of the
better sensitivity of an antenna to the radiation inci-
dent from the substrate side. This also reduces sub-
strate interference fringes. The excellent polarization
dependence of the mixing signals demonstrates that
our antennas are almost perfectly linearly polarized.
The ratio of the mixing signals for the polarization
parallel to the axis of the bow-tie antenna to the
signals for the cross polarization is higher than 50 at
a difference frequency of 58.7 GHz. At this differ-
ence frequency, the polarization-independent thermal
signals are too slow to contribute to the mixing
process. In summary, our experiments extend the
range of millimeter-wave and microwave thin-film
techniques to the infrared.

Thin-film MOM diodes are very promising de-
vices as fast antenna-coupled detectors which can be
integrated in arrays. They also represent an alterna-
tive for the unpractical point-contacts in heterodyne
measurements. Our Ni–NiO–Ni diodes remain sta-
ble over years. However, two difficulties associated
with their fabrication and use should be kept in
mind. First, they still demand costly handling and
technology. Secondly, their operation requires pre-
cautions, because the devices are highly sensitive to
electrostatic discharges and transients from the line.
The performance of antenna-coupled thin-film diodes
can still be enhanced. Taking into account that they
certainly possess effective receiving areas smaller
than point-contact diodes, we are convinced that the
responsivities and the conversion efficiencies of
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thin-film diode will soon reach those of point con-
tacts.
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