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The Sb-heterostructure quantum tunneling diode, fabricated from epitaxial layers of
InAs and AlGaSb, is a recently proposed device for direct detection and mixing in the
submillimeter wavelength range. These diodes exhibit especially high curvature in the
current-voltage characteristic that produces the rectification or mixing without bias.
Operation without bias is a highly desirable feature as the device does not suffer from
large 1/f noise, a major shortcoming in other devices such as Schottky barrier diodes
or resistive room temperature bolometers. In this paper we present the noise character-
istics of the diode as a function of the bias voltage. At room temperature and zero bias,
the device demonstrates a Johnson noise limited intrinsic noise equivalent power of 1
pW/Hzl/2. In addition to the noise measurements, we present the detection character-
istics of the diode at a frequency of 2.5 THz. The measured THz laser response deviates
from conventional theoretical prediction based on pure rectification. The reasons for the
discrepancy will be discussed.

*On leave from VTT Information Technology, Espoo, Finland
tContribution of U.S. Government, not subject to copyright in the U.S.
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1. Introduction

At present, millimeter-wave imaging focal-plane arrays are based on microwave
monolithic integrated circuits (MMICs), and their pixel count is limited by the
complexity and cost of the components and assembly 1. Moreover, the maximum
operation frequency is limited by the availability of low noise amplifiers to < 200
GHz. Bolometers can provide a low cost alternative and cover frequencies up to the
infrared, albeit with lower sensitivity 2,3,4. Schottky diodes, the workhorse technol-
ogy for high frequency mixers, can also operate as direct detectors up to several
THz, though they typically display an RC -limited rolloff above a few hundred GHz.
Their great drawback has been 1/f noise, brought about by the DC bias required
for sufficient curvature of the IV curve.

In this paper we present the 1/f noise performance of a recently introduced
direct detector, the InAs/AlSb/GaSb heterostructure backward diode 5,6,7. The
principle of operation is similar to that of an Esaki tunnel diode in that the con-
trolling current mechanism is interband tunneling between adjacent energetically
offset semiconductor regions. For low Al concentrations, the Type II band gap line-
up between InAs and AlGaSb, in which the conduction band minimum of InAs lies
energetically below the valence band maximum of AlGaSb, creates a natural asym-
metry in the current flow with bias direction. The special feature of these diodes is
that they exhibit highly non-linear IV characteristics near zero bias. In the ideal
case, the absence of DC bias means that the devices do not suffer from 1/f noise.
These merits combined suggest that the quantum tunneling diodes can provide an
attractive choice for large integrated millimeter-wave imaging arrays of the future.

2. Diode IV measurements

The InAs/AlSb/GaSb tunnel diode layers are deposited using molecular beam epi-
taxy on semi-insulating GaAs substrates, using an InAs buffer layer process, iden-
tical to that described in Ref. 8. The InAs layer is followed by a 200 nm thick GaSb
anode, 20 nm of undoped AlGaSb, a 3.2 nm thick undoped AlSb tunnel barrier, a
50 nm thick InAs cathode, and finally an n+ InAs contact layer.

Three nominally-identical diodes with a junction area of 2 ism x 2 um were
characterized by first measuring their DC IV characteristics, while monitoring the
differential conductance dI/dV and its derivative d2I/dV2 using a lock-in technique.
A 100 Hz excitation voltage VO8C = 10 mV was superimposed on the DC bias voltage
through a transformer coupled to the diode bias circuit. The resulting AC voltage
across a series resistor, RL, was connected through a low-noise preamplifier with
a gain of 100 to the lock-in input. The measured IV and dI/dV are shown in
Fig 1. a. At V = 0, the three diodes had a mean junction resistance of Rj =
(14.4 + 0.1 kQ2). The current responsivity (or curvature) of the diode is given by
aY = (d2I/dV2)/(dI/dV), and for the three measured diodes we obtained a mean
curvature of -39.5 A/W at zero bias. A measured -y(V) for one diode is shown in
Fig. 1 b. The divergences at 43 mV and at 111 mV correspond to the points where
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Fig. 1. a) The IV characteristics (solid line) of the diode with the dl/dV curve (dashed line) as a
function of the bias voltage. b) The absolute value of current responsivity -(V). c) The matched
(circles) and unmatched (triangles) NEP of a diode as a function of the absolute value of dc bias.
The minimum NEP is obtained at V = 0 due to the rapid increase in l/f noise which overcomes
the increase in the responsivity at small positive bias. The inset shows noise spectra recorded at
V=0.96 mV and V=16 mV. The dashed lines indicate the fits to the spectra.

dI/dV crosses zero.

3. Noise measurements

IV measurements, combined with noise characterization, determine the true figure
of merit for a direct detector, the noise equivalent power (NEP). The diode was
again biased in series with the 10 kQ current sensing resistor, RL, using a pro-
grammable battery power supply. A low-noise preamplifier with a gain of 100 and
an input equivalent noise floor of 1.5 nV/Vi was used to amplify the voltage noise
fluctuations across the current sensing resistor. The output of the preamplifier was
connected to a spectrum analyzer, and noise spectra were recorded at different bias
voltages in a frequency band from 62 Hz to 12.5 kHz. As the rectified RF power
produces a small positive DL voltage across the device, we concentrate on the noise
at positive bias. Two representative noise spectra are shown in the inset of Fig. 1
c. At V = 0 the noise corresponds to the Johnson noise of the junction resistance
R3. At finite values of V the 1/f and current shot noise appear. To quantify the
1/f noise, each spectrum was fit with a voltage noise power spectral density given
by Sfit = aVm/fr +vo , where the white noise term vn includes contributions from
the Johnson noise and the shot noise. For the three diodes, the mean fitted values
yielded a = 3.18* 106 Volts2-mHzr-e , m = 2.58 and r = 1.33. Even though the
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1/f noise does not directly affect the NEP at zero bias, we note that it does have
an effect on the dynamic range of the device.

The origin of the 1/f noise in our diodes is likely due to a similar scenario as
that described in Ref. 9, according to which thermally excited traps states modulate
the barrier height and thus its transmission coefficient. Whether the noise arises
from the bulk of the device or is associated with surface states can be determined
by measuring the 1/f noise properties of diodes with different junction area, and
is a subject of future work.

In the following discussion of the NEP, a typical diode small signal circuit is
used, with a resistance, Ra, in series with the parallel combination of Rj and Cj.
The values for the circuit parameters are from earlier network analyzer and numer-
ical modeling results with RJ = 17.6 Ql and Cj = 13.6 if. A noteworthy property
of the tunnel diodes is that Cj is only weakly dependent of bias voltage 10. The
intrinsic NEP of the diode across a pre-detection bandwidth Aw can be calcu-
lated from NEPi = VSv/2Z_EO1 where lZvo = Rj7/2{(1 + R./Rj)[1 + RS/Rj +
R,RjC?(Aw2/4 + 3W2)/3]} is the average voltage responsivity around a center fre-
quency wc for the case of a matched source impedance (e.g. the antenna) and infinite
load impedance ". Considering first the zero bandwidth case (Aw = 0), when oper-
ated at zero bias, and at wr/2r»1 (RjR.Cj)-1/2 ;:: 23 GHz, the voltage responsiv-
ity yields with the given junction parameters Rvo ; 16 000 V/W 12, with the noise
given by the Johnson noise of Rj yielding NEPi1,&,,=o ; V/6kBTR,w2C]R./1y 1
pW/iAI- at 95 GHz. Taking into account reflection loss from impedance mismatch
only, the extrinsic NEP is given by NEPC =NEPi/i where r, = 1-IrI2 with r the
reflection coefficient. For example, when connected to a 75 Q load, the extrinsic
NEP yields 4.7 pW/vlHYz at wc/2ir = 95 GHz. The best NEP at 100 Hz is ob-
tained at V = 0 as the rapid onset of the l/f noise overwhelms the increase in the
responsivity at small positive bias. The NEP values can be compared with those
obtained with room temperature antenna coupled microbolometers, where the best
demonstrated intrinsic NEP is about 10 pW/AIH, but can only be obtained at a
modulation frequency of 50 kHz 13. It should be noted that due to their purely real
impedance, bolometers can be easily matched and have an intrinsic NEP that is
independent of operating frequency.

4. THz measurements

The ever-growing interest in sensitive detectors in the THz frequencies lead us to
investigate whether rectification can be observed at these frequencies which lie well
above the RjCj rolloff of the diodes. The THz source was a far-IR cavity, pumped
by a 15 W C02 laser. The output power of the far-IR laser was approximately 8
mW at the 2.52 THz methanol line. A mylar beam splitter was placed in the far-
IR beam to couple a fraction of the power to a pyroelectric detector for real-time
power monitoring. After the beam splitter, an F/l off-axis paraboloid with a focal
length of 25.4 mm was used to focus the far-IR power onto the diode. The diode
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was mounted on a 50 Am thick mylar membrane spanning a 2.75 mm diameter hole
in a printed circuit board. Aluminum wire bonds from the PCB were used for the
electrical connections. It is likely that at least part of the bond wires and pads serve
to couple the THz to the diode. The maximum observed signal across the diode
was small, ; 2 pV. A large amount of power is not coupled as the diode active area
is likely orders of magnitude smaller than the 7r(1.22A)2 area of the beam.
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Fig. 2. Measured laser response at 2.5 THz.

The diode's THz response was also measured as a function of applied bias to
determine whether or not the laser signal follows the responsivity curve determined
from the IV - dI/dV measurements. The measured laser response is shown in Fig.
2, where a signal is present at zero bias, a clear indication of rectification. However,
there seems to be no agreement with -y (Fig. lc). We are currently investigating the
qualitative disagreement of the predicted and measured laser curves to see whether
a combined bolometric and diode response might yield better fit.

5. Conclusions

We have measured the noise properties of zero bias quantum tunneling diodes and
shown that these non-optimized devices have already reached a sensitivity that
challenges other existing room temperature detectors in this wavelength range. The
high sensitivity, low cost and reproducibility of the diodes make them an attractive
newcomer to the millimeter and submilimeter-wave detector arena. The absence
of l/f noise and the resulting excellent narrow band NEP of the zero bias diodes
can be used to its full potential in, for example, active detection where the signal
is narrow band. For passive detection of thermal sources, the broadband matching
poses a fundamental challenge which can be addressed by significant reduction in
the junction resistance and capacitance in future devices. Rectification was observed
at 2.5 THz, yet the bias dependence of the response did not agree with the DC
measurements.
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