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Abstract
We have determined system noise temperatures, mixer noise temperatures and con-

version losses of two whisker-contacted submicron GaAs Schottky-barrier diodes at THz
frequencies. Both diodes were fabricated with new technologies and have thin epitaxial
layers with depletion thicknesses close to the optimum value of about 300 A . The diodes
have exceptional performance as THz mixer elements with noise temperatures and con-
version losses 2-3 times below the best previous reported values. The effect of cooling on
the diode performance is also investigated.

1 Introduction

A wealth of molecular and atomic transitions are in the THz frequency range, which conse-
quently leads to its great importance for radio astronomy and atmospheric research. For high
sensitivity and high spectral resolution measurements, THz heterodyne receivers are used [1].
The heart of this receiver is the mixer element. Above 800 GHz GaAs Schottky-barrier diodes
are by far the most sensitive devices for this purpose. Therefore, the development of low noise
Schottky diodes is of major importance and will have great impact on radio astronomy as
well as atmospheric research.

In this work we report measurements of system noise temperatures Ly,, mixer noise
temperatures 71,, ix, and conversion losses L of two whisker-contacted GaAs Schottky-diodes,
called 1T14 and 1T15. The diodes were manufactured at the University of Virginia and
the National Nanofabrication Facility at Cornell University using direct-write electron beam
lithography [2]. This results in a smaller diode geometry (e.g. 0.25pm anode diameter of
the 1T15), lower capacitance and higher cutoff frequency (see fig. 1). Of main importance
are the thin epitaxial layers of 450 A (1T14) and 300 A (1T15) and depletion thicknesses close
to the optimum value of about 300 A determined by Roeser et al. [3]. At 803 GHz we have
determined the system noise temperature of the diode 1T14 as a function of temperature.

2 Measurement System and Method

Measurements were performed at three different frequencies: 803 GHz, 1397 GHz and 2547 G112
by using laser lines of 15 1\1113 and C11 2 F2 . An optically pumped far-infrared ringlaser served
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Figure 1: Geometrical and electrical parameters of the Schottky-diodes 1112, 1T14 and 1T15.
The capacitances are measured values.

as the local oscillator. Compared to a conventional standing wave resonator, the ringla,ser
has a higher amplitude and frequency stability [4]. The laser beam and the signal from a
hot/cold load were spatially superimposed by a Martin-Puplett diplexer and focused onto
the diode by an off axis parabola. The diodes were mounted in a 4 A corner cube mixer block.
The low noise HEMT amplifier of the first amplification stage operated at an IF frequency of
1.55 GHz (bandwidth: ± 20 MHz) and was cooled to 20 K. Its noise temperatures were 35 K
(803 Gilz, 1397 GHz) and 130K (2547 GHz).

Cooling of the Schottky-diode was done with a cryocooler (CTI Cryogenics) with the
diode mounted directly on the cold head. The temperature could be varied from 300 K to
20 K and was measured and stabilized with a Si-diode temperature controller (Lake Shore
Cryotronics). For calibration this diode was mounted in a dummy mixer block at the position
of the Schottky diode.

The system noise temperature Lys has been measured by the total power method using
black bodies at room temperature and at liquid nitrogen temperature. A directional coupler
with an additional noise diode was used to measure the impedance mismatch (see fig. 2).
According to the equations given by Stimson et al. [5] and according to

Tsys = Tmix * Tif (1)

we have determined T mix and L from the measured impedance mismatch and Tsy,.
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Figure 2: Block diagram for the calibrated heterodyne measurements.

3 Results
Both diodes show exceptional sensitivity (see fig. 3), which is 2-3 times better than the best
previous reported results [6], [7]. Mixer noise temperatures and conversion losses are also a
factor of 2-3 better than before. Figure 4 gives a summary of the main results. All values
are DSB and are corrected for atmospheric losses.

At 803 GHz the diode 1T14 is the best. Its Tmj, of 1100K is only a factor of 29 above the
quantum limit in terms of hv/k but this ratio increases with frequency to 70 at 2547 GHz.
T,y, (1200K) and L (5.3 dB) at 803 Gliz are also remarkably low. At higher frequencies the
diode 1T15 is superior. Its quantum efficiency (defined as 77 = kTmiz /hv) decreases from 43
at 803 GHz to 34 at 2547 Gift. But the required local oscillator (1,0) power of 1-12 mW is
still high.

Figure 5 shows the improvement of Ly, with decreasing temperature, which is essentially
due to the decreasing IF temperature. T mix changes insubstantially with temperature. This
is demonstrated by a comparison of the system noise temperatures of the same diode with the
same contact and the same cooled HEMT amplifier at room temperature and at 20 K. But it
is important to note that in the cooled diode—amplifier configuration, the diode impedance
was not matched to the amplifier whereas the warm diode was matched to the amplifier.
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Figure 3: System noise temperature of the
Schottky—diodes 1T14 and 1T15 at room tem-
perature as a function of frequency
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Figure 4: System noise tem-
perature, mixer noise tempera-
ture, conversion loss (DSB val-
ues) and required LO power for
the diodes 1T14 and 1T15 at
803 GI-1z, 1397 Gliz and 2547 GI-1z.
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Figure 5: System noise temperature of the diode 1T14 at 803 Gliz as a function of tempera-
ture. For comparison the system noise temperature of the same diode at room temperature
but with a cooled (20 K) amplifier is also shown. Note, T i1 =200 K at room temperature and
Tif =35 K at 20 K.
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4 Discussion

Experiments have shown that when the diode bias and LO power are adjusted for optimum
heterodyne receiver sensitivity at a given frequency, v, the average number of electrons that
pass through the Schottky contact during each LO cycle is a constant, N e [3]. This behaviour
is expressed by the experimentally obtained equation for the optimum mixing current, Iopt

I opt = Neev, (2)

where Ne does not vary with frequency, but rather is a constant for each diode type. The
constant charge, N e e, transferred through the diode each LO cycle can be related to the
diode area , A, and epitaxial doping density, N d, according to

Ne = (A Ddept) Nd • (3)

It has also been shown that the voltage drop, V w , across the diode due to the LO power at
the optimum bias current for mixing is independent of the LO frequency [3],

V
LO = constant. (4)

A voltage drop of this amount can be expressed in terms of a depletion depth in the Schottky
contact as

Vw = (13 ,Lpi e Nd )/2E3 , (5)
where 63 is the dielectric permittivity of GaAs. Equations (3) and (5) both yield a depletion
depth of about 300 A for a variety of diodes tested. It appears that for a given diode a
specific number of electrons, N e , take part in the mixing process each LO cycle, regardless of
the frequency. The same behaviour has been confirmed with our new diodes.

A comparison of these new results with the best previous diode, 1112, shows that the
increase in doping density and the reduction of the epitaxial layer thickness has led to sig-
nificant improvements in performance. Since the new diodes have epitaxial layer thicknesses
close to the value of D depi obtained above, it may be that this is the primary reason for the
improved performance. Also,since the epitaxial layer thickness is well below the mean free
path in GaAs (typically 500-1000A [8]) and the Debye length id < 150 A [8], it is possible
that ballistic transport effects are becoming more important.

It is worth noting that at 803 GHz the antenna coupling loss of about 3 dB [9] is the main
contribution to the mixer conversion loss of 5.3 dB. This loss can be decreased by the addition:
of a conical horn in the corner cube configuration, which lowers the system noise temperature
about 30% [10]. Therefore, a DSB system noise temperature at 803 GHz below 1000 K seems
to be achievable.

Summary

Record noise temperatures and conversion losses were measured, corresponding to quantum
efficiencies as low as Tniix =29hv/k (803 GHz), 38hvik (1397 GHz) and 34hvik (2547 GHz).
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These results fit in the previous work [3] which indicated that a specific number of electrons
per LO cycle participate in the mixing process for a given diode type regardless of the fre-
quency. It is also clear that increased epitaxial doping and reduction of the diode epitaxial
layer thickness to approximately 300A has led to substantially improved performance. Re-
duction of the diode temperature to 20K led to no substantial improvement in the mixer
noise temperature. At 803 Gliz a DSB system noise temperature below 1000K (26 hvik)
seems to be achievable with an improved antenna configuration.
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