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Abstract. For the first time we have demonstrated the mix-
ing of two CO2-laser emissions near28 THz (10.7µm)
with thin-film nanometer-scaleNi−NiO−Ni diodes (MOM,
MIM) connected to integrated bow-tie antennas and inte-
grated rhodium waveguides. Difference frequencies up to
176 GHzwere observed in mixing processes up to the fifth
order by the addition of microwaves generated by a Gunn
oscillator. The frequencies reported are up to a factor of 30
higher than those reported previously for thin-film diodes.
The current–voltage characteristics of the diodes measured
at radio frequencies correspond to their nonlinearity at fre-
quencies in the mid-infrared. The integrated bow-tie infrared
antennas show almost perfect polarization with respect to
the incident radiation. The ratio of the polarized versus the
cross-polarized signal amplitudes is over34 dB. These re-
sults signify the extension of millimeter-wave and microwave
thin-film techniques to the infrared.

PACS: 07.62; 42.65

In 1968 Hocker et al. [1] mixed for the first time two adja-
cent28-THz CO2-laser emissions with difference frequencies
of the order of60 GHzwith the aid of point-contact metal–
oxide–metal (MOM or MIM) diodes. Since then, these de-
vices have been intensively used in absolute frequency meas-
urements for the development of time and frequency stan-
dards and for high-resolution spectroscopy [2]. Their first
applications ranged from the microwave to the infrared and
were extended to the visible [3] in the early 1980s. Simulta-
neously, serious attempts were made to integrate the MOM
diodes on a substrate in order to achieve better mechanical
stability and reproducibility and to arrange them in arrays.
In the early 1970s, Small et al. [4] and Wang et al. [5] re-
ported the fabrication of thin-film diodes with rectification
capabilities in the10µm region. Small et al. [4] also re-
ported on third-order frequency mixing performed with the
HCN-laser emissions at wavelengths of337µm (890.2 GHz)
and311µm (964.6 GHz) and the microwave radiation from
a klystron.

Our own development of thin-filmNi−NiO−Ni diodes
with integrated dipole, bow-tie and spiral antennas as de-
tectors has been described previously [6–9]. The10.6-µm
CO2-laser radiation coupled to the diode by means of these
antennas is rectified by nonlinear electron tunneling through
the thin NiO layer of the contact. The polarization depen-
dence of the dc signals of the diodes gives information on
the efficiency of these antennas, although slow polarization-
independent thermal effects also contribute to the detection
signal. Our first mixing experiments of two28-THz CO2-
laser emissions with ourNi−NiO−Ni diodes were made at
LENS (Florence, Italy) and resulted in the measurement of
difference frequencies up to85 MHz [10]. In this paper, we
report on the successful measurement of considerably higher
difference frequencies between two adjacent or close28-THz
CO2-laser transitions in the 10P branch with the aid of our
thin-film Ni−NiO−Ni diodes with integrated bow-tie anten-
nas and novel integrated rhodium waveguides. Mixing up to
the fifth order with two laser beams with difference frequen-
cies up to176 GHzand additional microwave radiation gen-
erated by a Gunn oscillator was achieved. The polarization
dependence of the difference-frequency signals of the thin-
film MOM diodes was also analyzed for the first time. The
results reveal the high efficiency of the infrared antennas in-
tegrated in theNi−NiO−Ni diodes. This efficiency confirms
that the slow thermal effects do not contribute to the high-
frequency signals. We have also demonstrated that the non-
linear current–voltage characteristicsI(V) of our diode meas-
ured at radio frequencies determine the mixing at28 THz
with difference frequencies in the58 GHzto 176 GHzrange.

1 Thin-film MOM diode

Figure 1 shows an electron-microscope image of one of our
thin-film Ni−NiO−Ni diodes with an integrated bow-tie an-
tenna. The manufacture of these nanometer-scale devices has
been described in [8]. The patterns are defined on aSi/SiO2
wafer by direct-writing electron-beam lithography at the IBM
Research Laboratory (Rüschlikon, Switzerland). It enabled us
to reduce the contact area to approximately110 nm×110 nm.
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Fig. 1. Electron-microscope image of the thin-filmNi−NiO−Ni diode with
integrated bow-tie antenna taken at45◦ incidence

This results in an extremely small RC time constant neces-
sary to attain a fast response of the device for incident28-THz
CO2-laser radiation. The overall length of the bow-tie an-
tennas is4.6µm and corresponds to 3/2 of the substrate
wavelength of incident10.6-µm (28-THz) radiation [11]. The
bond-wire connections to the diodes used for our first mixing
experiments [10] have been replaced by the flip-chip connec-
tions schematically depicted in Figs. 2 and 3. Figure 2 shows
the design of the structure on the chip with six diodes in-
dicated by circles. TheNi−NiO−Ni diodes are connected
to coplanar rhodium waveguides as depicted in this figure
for the three diodes on the left-hand side of the chip. After
the manufacture of the diode, the antenna, and the rhodium
waveguide, the chip is flipped over and soldered to the50-Ω
gold coplanar waveguide (CPW) on a ceramic (Al2O3) sub-
strate by indium solder bumps. The connection of this CPW
to a semirigid coaxial cable (Wiltron-V) is made with spark-

Fig. 2. Schematic drawing of the electric connections to the diodes. Left
side: Chip design. Right side: Flip-chip connections to a coplanar wave-
guide on a ceramic substrate

Fig. 3. Schematic cross section ofNi−NiO−Ni diode and its connections
(not to scale)

plug launchers (Wiltron-V102) screwed into the housing that
encloses the circuit. The thickness of the different layers is in-
dicated in Fig. 3. Rhodium was used instead of gold for the
waveguides on the silicon chip because of its thin-film com-
patibility with indium [12]. In previous attempts with gold
waveguides on the chip, the applied0.5-µm 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 appliedAu layers. The flip-chip
configuration implies two decisive advantages. First, it guar-
antees an excellent electrical high-frequency connection to
the diode and, second, it permits the irradiation of the antenna
from the substrate side as represented in Fig. 3. This takes ad-
vantage of the higher sensitivity of an antenna to the radiation
incident from the substrate side [13]. The silicon substrate is
coated on both sides with1.5-µm silicon dioxide layers which
act as anti-reflection coatings and increase the transmission of
10.7-µm radiation through the substrate up to about80%. In
addition, theSiO2 layer that isolates the diode from the bulk
silicon prevents the formation of a Schottky contact.

The diodes used for the mixing experiments described
here are supported by a high-resistivity (> 3 kΩ cm) silicon
substrate in contrast to our previous diodes which were man-
ufactured on3–5-Ω cm silicon wafers. By application of this
high-resistivity substrate, we minimize the substrate losses in
the microwave range [14] and reduce the attenuation of an-
tenna currents at infrared frequencies.

2 Experimental arrangement

The experimental setup for mixing twoCO2-laser emissions
is illustrated in Fig. 4. The two tunableCO2 lasers constitute
part of the permanent frequency-measurement chain of the
PTB (Braunschweig, Germany) [15]. TheCO2-laser emis-
sions used in our experiments are listed in Table 1 [16]. The
colinearly combined infrared beams were spatially filtered
through a pinhole and focused on theNi−NiO−Ni diode with
a lens with a focal length of63.5 mmat an incidence angle of
approximately8◦ to prevent back reflection in the beam axis.
The linear polarization of the infrared radiation, identically
oriented for the two lasers, was rotated with aCdShalf-wave



329

Fig. 4. Experimental arrangement for
mixing experiments with cw10.7-µm
CO2-laser radiation

Table 1. Frequencies and wavelengths of the vibrational–rotationalCO2-
laser transitions [16] used in our mixing experiments

CO2-laser emission Frequency/THz Wavelength/µm

10P(30) 28.0274319 10.7640602
10P(32) 27.9694499 10.7411219
10P(34) 27.9107213 10.7185683
10P(36) 27.8512433 10.6963942

plate. The total laser power on the diode was controlled with
an iris and kept at approximately400 mWfor all the measure-
ments. The alignment of the diode and the colinearity of the
two lasers were optimized by measuring the dc output signal
of the diode when it was used as detector. For this purpose,
the beam was mechanically modulated by a chopper with
a frequency of170 Hz, while the rectified signal was meas-
ured with a lock-in amplifier. In all the experiments the bias
voltage applied to the diode was limited to200 mV, which
constitutes a safe working condition for our thin-film diodes.

In the second-order mixing experiments, the difference-
frequency signals of over50 GHzbetween two adjacentCO2-
laser lines were transmitted by HF coaxial cables (Wiltron-V)
to a high-sensitivity microwave receiver for the40–60-GHz
band. The receiver was developed at the Swiss Post Office
Research Laboratory (PTT, Bern, Switzerland). This external
mixing of the beat signals with a tunable microwave source
yielded signals in the range10–500 MHz, which were mon-
itored on a spectrum analyzer. For the measurement of beat
signals in the MHz range between theCO2 lasers oscillating

Mixing process Mixing Laser S/N Bandwidth Polar.
order difference ratio contrast

frequency∆ν

Beat 10P(30)-10P(30) (e.g.) 2 0.5–70 MHz 61 dB 100 kHz 14–22 dB
10P(32)-10P(34) (external mixing) 2 58.73 GHz 22 dB 100 kHz 34.4 dB
10P(32)-10P(34)+MW 58.8 GHz 3 58.73 GHz 47 dB 100 kHz 34.3 dB
10P(30)-10P(34)+2×MW 58.8 GHz 4 116.71 GHz 19 dB 100 kHz > 25 dB
10P(36)-10P(30)+3×MW 58.8 GHz 5 176.19 GHz 14 dB 300 kHz –

Table 2. Mixing achieved with thin-film
Ni−NiO−Ni diodes

on the same transition, the IF signals were pre-amplified and
displayed on the spectrum analyzer.

The higher-order mixing processes required microwave
radiation generated by a Gunn oscillator working at frequen-
cies of 58.8 GHz±50 MHz with a power of100 mW. The
diode was irradiated with the microwaves emitted from the
open end of a hollow waveguide at a distance of2 cmto 3 cm.
The mixing signals were measured with the spectrum ana-
lyzer after pre-amplification of32 dB.

The mixing processes performed with this arrangement
are listed in Table 2. In the next two sections, the results are
presented in detail, first for second-order and then for higher-
order mixing.

3 Second-order mixing

Second-order mixing and detection by MOM diodes are de-
scribed by the second-order term in the Taylor expansion
of the currentI as a function of the voltageV for the bias
voltageVBias applied. The nonlinearity of MOM diodes for
frequencies in the28-THz region follows the dcI(V) char-
acteristics as demonstrated in [17] and verified in [10] for
our thin-film Ni−NiO−Ni diodes by the measurement of the
beat-signal dependence on the bias voltage and power of the
incident laser radiation. Thus, the second derivative of the
I(V) characteristics measured at10 kHzadequately describes
the detection and second-order mixing response in our experi-
ments withCO2-laser radiation. TheI ′′(V) characteristics of
the diodes used for our experiments (Fig. 5) is symmetric with
respect to the zero-bias point and shows saturation of the lin-
ear behaviour observed in [10].
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Fig. 5. Second derivative of the current–voltage characteristicsI(V) meas-
ured at a frequency of10 kHz

The second-order mixing of the 10P(32) and 10P(34) tran-
sitions of theCO2 lasers with a difference frequency∆ν ≈
58.7 GHzwas measured with our thin-film diode as described
in Sect. 2 and yielded a signal-to-noise (S/N) ratio of 22 dB
with a 100-kHz resolution bandwidth (RBW) at a bias volt-
age of160 mV. A monotonic increase of the signal with the
bias voltage was observed with a saturation above160 mV in
agreement with theI ′′(V) curve of Fig. 5.

Beat signals between the twoCO2 lasers, oscillating 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 between500 kHzand70 MHz and S/N ra-
tios of up to61 dB(100 kHzRBW). The discrepancy between
the magnitude of the signals in theMHz andGHz range is on
the one hand explained by the contribution of the thermal ef-
fects at frequencies in theMHz range and, on the other hand,
by the partial coupling of the58.7-GHzsignal into the copla-
nar rhodium waveguide where additional transmission losses
occur.

The amplitude of the beat signal as a function of the polar-
ization angleθ is represented in a linear scale in Fig. 6 for the
second-order mixing of the 10P(32) and 10P(34) transitions
with a difference frequency of58.7 GHz. In agreement with

Fig. 6. Polarization dependence of the amplitude of the second-order mix-
ing signal at a difference frequency of58.7 GHz between theCO2-laser
transitions 10P(32) and 10P(34)

antenna theory, the dependence is well described by the sum
of a small constantVip and a squared cosine with amplitude
Vp:

V(θ) = Vip + Vp(θ) = Vip + Vp cos2(θ − θ0) , (1)

whereθ0 represents the location of the maximal polarization
response with respect to the bow-tie antenna axis. The max-
imum occurs for the polarization parallel to the antenna, i.e.
for θ0 ≈ 0◦. The small deviation of the angleθ0 from0◦ can be
explained by the experimental errors in the positioning of the
diode, the polarization of the lasers, and the calibration of the
half-wave plate. Equation (1) permits an interpolation of data
including signals under the noise level and yields a contrast
ratio Vp/Vip of 52.21corresponding to34.4 dB on a logarith-
mic scale. This almost perfect polarization dependence at the
difference frequency of58.7 GHzdemonstrates the complete
linear polarization of our bow-tie antenna as predicted by the
antenna theory of microwave techniques [18]. This can be ex-
plained by the fact that in our range of difference frequencies,
the polarization-independent thermal effects are too slow to
influence the mixing signal.

The difference-frequency dependence of the polarization
ratio Vp/Vip was also measured between0.5 and70 MHz by
making use of the beat signal of the radiation of the two
lasers oscillating on the 10P(30) transition. The measured ra-
tios Vp/Vip of the response for the polarization parallel to the
antenna axis versus the response for the cross-polarization are
represented in Fig. 7 as functions of the difference frequency
∆ν, together with the ratio at58.7 GHz. The error associ-
ated with these measurements is±0.5 dB for each point. The
full curve in this graph is calculated according to the model
presented in [10] which is based on the equation of heat con-
duction. It describes the time and frequency dependence of
the thermal effects. A monotonic increase is observed which
culminates in a ratio of52.2 for the difference frequency of
58.7 GHz. In our fitting procedure, the time constant of the
thermal diffusion in theSiO2 layer of our substrate was kept
at the measured value ofτ1 = 100 ns, while the second time
constantτ2 for the diffusion inNi, which is crucially depen-
dent on the geometry of theNi layer and contact area, was
taken as a free parameter. The fitting yieldedτ2 ≈ 4.7 ns.

Fig. 7. Dependence on the difference frequency∆ν of the ratio Vp/Vip of
the signal amplitudes for the polarization parallel to the antenna axis and
the cross-polarized signal amplitudes
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4 Higher-order mixing

Higher difference frequencies betweenCO2-laser transitions
were also measured in third-, fourth-, and fifth-order mixing
processes. For this purpose, the thin-filmNi−NiO−Ni diode
was irradiated by microwaves generated by a Gunn oscillator
working at frequencies of58.8 GHz±50 MHz as well as by
the twoCO2-laser beams. The mixing signal is measured at
the frequency

νmeasured= |(ν1 − ν2)− (n−2)νMW| , (2)

whereν1 andν2 represent theCO2-laser frequencies,νMW the
frequency of the Gunn oscillator, andn = 2, 3, 4, 5 the mix-
ing order.

A third-order mixing signal (n = 3) at a frequency
νmeasured= 109 MHzis displayed in Fig. 8; it exhibits a47-dB
S/N ratio (100 kHzRBW). This measurement was performed
with the unbiased diode. At present, the mechanism and effi-
ciency of coupling of microwave radiation to our structures
are unknown. The coupling, which probably occurred via
the connections, was optimized by moving the position of
the hollow waveguide relative to the diode. The polarization
and incidence angle of the microwave radiation are not criti-
cal and third-order mixing signals with a S/N ratio of 30 dB
(100 kHzRBW) were easily achieved even with unfavourable
microwave irradiation.

The third-order mixing signal is proportional to the third-
order coefficient in the Taylor expansion of the currentI
as a function of the voltageV across the diode. Figure 9
represents the smoothed calculated derivativeI ′′′(V) that is
proportional to this coefficient. This third derivative is ob-
tained by numerical derivation and smoothing of theI ′′(V)
curve of Fig. 5. Also represented in Fig. 9 is the relative mag-
nitude of the third-order mixing signal in arbitrary units as
a function of the bias voltage. It shows the same behaviour as
the third derivativeI ′′′(V) with a maximum for a bias volt-
age equal zero. Because of the symmetry of the contact, the
same points are taken for positive and negative bias voltages.
Consequently, theI(V) characteristics measured at10 kHz
describe accurately the nonlinearity for frequencies up to at
least28 THz.

Fig. 8. Third-order mixing (n = 3) signal between the twoCO2-laser emis-
sions and a Gunn oscillator working at58.8 GHz. The two CO2-laser
emissions, each with a power of≈ 200 mW, are polarized parallel to the
antenna axis. The bandwidth of the spectrum analyzer is100 kHz

Fig. 9. Third-order derivativeI ′′′(V) of the static current–voltage character-
istics I(V) compared with relative amplitudes of third-order mixing signals
as a function of the bias voltageVBias

The dependence of the third-order mixing signal on the
polarization of the incidentCO2-laser radiation was also
measured and is represented in Fig. 10 in a linear scale. The
signal is below the noise level for the polarization perpendicu-
lar to the antenna axis. The interpolation of the data below
the noise level is performed by fitting with the aid of (1).
This yields a ratio of the amplitudes of the response for polar-
ization and cross-polarization of52.14 or 34.3 dB in perfect
accordance with the analogue measurement of second-order
mixing with the difference frequency of58.7 GHzpresented
in Fig. 6.

Fourth-order mixing (n = 4) was measured at the fre-
quency νmeasured≈ 900 MHz by mixing the 10P(30) and
10P(34)CO2-laser transitions with the second harmonic of
the 58.8-GHz microwaves produced by the Gunn oscillator.
This resulted in a S/N 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 sym-
metry of our contact explains the necessity of a bias voltage
for even-order mixing processes because the corresponding
terms of theI(V) expansion almost vanish for zeroVBias [19].

The highest laser difference frequency of176.2 GHz
measured with our thin-film diodes was obtained by fifth-

Fig. 10. Polarization dependence of the third-order mixing signal between
theCO2-laser emissions 10P(32) and 10P(34) and microwaves generated by
the Gunn oscillator at a frequency of58.8 GHz
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order mixing (n = 5) of the 10P(36) and 10P(30) transitions
of the CO2 lasers and the third harmonic of the58.8 GHz
microwave source. The resulting signal has a frequency
νmeasured≈ 230 MHz and a maximum S/N ratio of 14 dB
(300 kHzRBW). The low S/N is not the consequence of the
high difference frequency, but of the fast decrease of the S/N
ratio with increasing mixing ordern. For an odd mixing order,
nodd, a S/N ratio decreasing as

S/N ≈ const×n−7.4
odd (3)

was reported for point-contact diodes in [20]. A direct com-
parison of our experiments with this dependence would re-
quire mixing data at higher order 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.

5 Conclusions

Our experiments represent the first mixing of28-THz laser
radiation with laser difference frequencies up to176 GHz,
which are measured in 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 detection experiments
are too slow to contribute to the mixing process. This ex-
plains why the ratioVp/Vip of the signal for the polariza-
tion parallel to the antenna axis versus the signal for the
cross-polarization increases as a function of the difference
frequency and reaches the asymptotic value of52.2 at a dif-
ference frequency of58.7 GHz. This high ratio demonstrates
the efficiency and perfect polarization of our resonant bow-tie
antenna with an arm length of4.6µm.

As for point-contact MOM diodes, the staticI(V) char-
acteristics of our thin-filmNi−NiO−Ni diodes correctly de-
scribe the nonlinearity of the device for infrared frequencies
up to at least28 THz. The signals measured are proportional
to the derivative of theseI(V) characteristics corresponding
to the mixing order. The detailed knowledge of thisI(V)
curve and its Taylor expansion allows us to optimize the bias
voltage applied to the diode in order to maximize the mixing-
signal amplitude.

Higher difference frequencies by mixing of28-THz radi-
ation with our thin-film diodes can be achieved with higher-
order mixing processes. However, the rapid decrease of the
S/N ratio of the mixing signal with increasing mixing order
suggests the application of microwave sources with higher
frequencies, for example,200-GHz klystrons, in a low-order
mixing process.

The S/N ratios of 14 to47 dB measured with our thin-
film diodes in the different experiments are still below those
achieved by corresponding measurements on point-contact

MOM diodes. The performance of our diodes can be im-
proved by narrower focusing of the infrared radiation and by
a more efficient coupling of the microwave radiation to the
diode.

Mixing experiments with high difference frequencies also
permit the elimination of the masking influence of thermal ef-
fects observed in the study of our infrared antennas. These
antennas allow the coupling of radiation to fast detectors with
dimensions much smaller than the wavelength of incident
radiation and their integration in arrays with polarization-
dependent characteristics. The demonstration of generation of
difference frequencies in our thin-filmNi−NiO−Ni diodes
has revealed that the present contact area of110 nm×110 nm
yields a response to10.7-µm CO2-laser radiation within
times of the order of36 fs.
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