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Abstract— Signal-to-noise ratio (SNR) is a valuable figure of
merit in determining the operating scope of infrared detectors.
Antenna-couple metal-oxide-metal diodes have been shown to
detect infrared radiation without cooling or applied bias, but
so far have been hampered by their SNR. This paper details a
comprehensive study of the fabrication parameters that control
the formation of the tunneling oxide barrier to optimize the
performance of these detectors. Since the tunneling barrier
affects both current-voltage and infrared detection characteris-
tics, fabrication parameters can be optimized to improve device
performance. The current—voltage characteristics of the devices
are detailed in this paper; resistance, nonlinearity, and curvature
coefficient are parameterized on fabrication procedures. Infrared
detection characteristics are detailed and SNR is studied as a
function of device nonlinearity and biasing conditions.

Index Terms— Antennas, infrared detectors, infrared measure-
ments, thin film devices, tunnel diodes.

I. INTRODUCTION

NTENNA-coupled metal-oxide—metal (MOM) diode

infrared detectors have been the subject of increasing
interest due to their small size, CMOS compatibility, and abil-
ity to offer full functionality without cooling or applied bias
[1]-[6]. Although thin-film MOM devices were introduced in
the 1970s [7]-[9], efforts to increase device performance since
then have not focused on fabrication parameters, but rather on
understanding the operating characteristics of the antenna and
diode. Studies have been performed to increase responsivity
with substrate-side illumination [10], implement broadband
antennae [11], increase operating frequencies to the visible
[12], and demonstrate dual-band infrared/millimeter wave de-
tection [13]. However, no study has yet been performed to
optimize device response based on the fabrication parameters
of the MOM diode.

This paper focuses on a single device geometry and sub-
strate stack so that the operating characteristics of the MOM
diode can be studied. Most studies on thin-film MOM diodes
have been of the symmetric variety, where the same metal
is used for each side of the oxide barrier [1], [3], [14]-[16].
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Although asymmetric point-contact diodes were introduced in
the 1960s [17]-[20], the thin-film variety were not imple-
mented until 2006 [21]. For an asymmetric diode structure,
nonlinearity appears in the current-voltage (/-V) characteristic
that is asymmetric with respect to zero bias. This is of note
because the /-V characteristic of a MOM diode gives rise
to the performance that can be expected, including zero-bias
detection, for asymmetric diode devices. The -V characteristic
applies from d.c. up to optical frequencies due to the femtosec-
ond tunneling time of an electron through a thin barrier in an
MOM diode [8].

The I-V characteristic is dependent upon the comprising
materials of the diode and thickness of the oxide barrier. For
this, the diode type chosen is Al/AlIO,/Pt, where aluminum
oxide (AlO,) is grown on the Al to create a barrier. The
fabrication parameters are varied such that the thickness of
the AlO, can be controlled, resulting in the ability to control
device resistance and curvature. The fabrication procedure
used to manufacture these devices will be presented in detail
along with the I-V characteristics as a function of those
fabrication parameters.

An equivalent circuit model for the device is presented to
provide a basis for the antenna-coupled MOM diode design.
Energy band diagrams are shown to describe the mechanism
that allows the detection of infrared radiation in these devices,
known as Fermi level modulation.

A comprehensive noise study, including the amplification
circuitry, is presented so that the signal-to-noise ratio (SNR)
can be accurately determined for a given infrared irradiance.
The device nonlinearity, which is the second derivative of the
I-V characteristic, is studied for various fabrication parame-
ters. Ultimately, the affect of nonlinearity and bias on device
SNR is analyzed.

II. DEVICE OPERATION AND DESIGN
A. MOM Diode Rectification

There are many possible mechanisms that can describe
the flow of electrons in an antenna-coupled MOM diode
[9], [10], such as photon-assisted tunneling [9], [24], [25],
photon-assisted surmounting of the barrier [26], [27], ther-
mally assisted tunneling [9], [15], [20], and field-assisted
tunneling (also known as Fermi level modulation) [9]. In every
case, current flows from one metal electrode to the other. It
should be noted that this electrical conduction can arise from
various mechanisms that can be either classical or quantum
mechanical. In addition, trap states in the tunnel barrier can
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Fig. 1. Dipole antenna with corresponding voltage and current distributions
for two waves separated in phase by 180°. A maximum in current occurs at
the feed point, or diode, while the voltage maxima occur at the ends of the
dipole.

impact the conduction mechanisms as well, since electrons
can occupy vacant trap states and tunnel from one metal to
the other in multiple steps [28].

Any number of the aforementioned conduction mechanisms
can occur simultaneously in an MOM diode [26], [27].
However, based on the wavelength of the irradiation and
the measurement of specific response characteristics, it is
possible to distinguish the mechanism giving rise to the device
response. Photon-assisted tunneling is expected to dominate
for photon energies that are approximately equal to the barrier
height [27], which in the case of Al/AlO,/Pt devices for this
paper is approximately 2 eV [29]. For radiation in the long-
wave infrared (LWIR), tunneling due to Fermi-level modula-
tion is shown to dominate.

The basis for field-assisted tunneling can best be described
by examining the voltage and current distributions along a
dipole antenna. For a half-wavelength dipole, approximations
of the voltage and current distributions are shown in Fig. 1,
where the feed point (MOM diode in this case) is located at
the center.

Field-assisted tunneling involves the perturbation of a bar-
rier between two metals. When infrared radiation is incident
upon the antenna-coupled MOM diode structure, an optical
or infrared alternating current (a.c.) voltage is induced at the
diode [9], [10], creating a field within the oxide tunneling
barrier. The induced time-dependent bias sums with any d.c.
applied bias on the device. This time-dependent bias V (¢) can
be expressed as

V(t) = Vi + Vig cos(wt) )

where V), is the applied d.c. bias, Vg is the amplitude of the
induced voltage, and w is the angular frequency of the incident
radiation [9], [30].

An energy band diagram of a MOM diode at equilibrium is
shown in Fig. 2(a). Although the barrier shape changes due to
image forces caused by populated electron states in the metal
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Fig. 2. MOM diode band diagrams at (a) equilibrium and (b) under infrared
illumination.

for a finite temperature [31], a trapezoidal barrier is sufficient
for explanation of the rectification phenomenon. The structure
in Fig. 2(a) features dissimilar metals of work functions ¢
and ¢», interface barrier height ¢p, and an oxide barrier of
thickness d. In an unbiased structure, the Fermi levels of the
metals align to reach equilibrium and the energy bands bend
within the oxide layer, resulting in a built-in field. This built-
in field is equal to the difference in the work functions of
the metals divided by the thickness of the barrier. For an
Al/AlO, /Pt diode, the built-in field across a 2-nm AlO, layer
is approximately 6.85 MV/cm.

When the induced voltage causes a forward bias such that
the Fermi level of metal 2 is reduced to an energy level below
that in metal 1, the field strength in the barrier increases and
the potential barrier thickness decreases [2]. Therefore, the
probability for an electron to tunnel through the potential bar-
rier from left to right increases, as does the overall tunneling
current in the structure. Conversely, when the induced voltage
causes a reverse bias such that the Fermi level of metal 2
is increased to an energy level above that in metal 1, the
field strength in the barrier decreases and the potential barrier
thickness increases. Thus, the tunneling probability of an
electron through the potential barrier decreases. This nonlinear
tunneling behavior, which is derived from the asymmetry in
the diode, leads to a net current flow in one direction and
allows the MOM diode to act as a rectifier.

Since tunneling is an inherently fast process [8], MOM
diodes have shown to be capable of rectifying high-frequency
signals in the LWIR [32]-[34], mid-IR [23], [35], and even
up to optical frequencies [12], [22], [36].

B. Modeling and Equivalent Circuit Model

The rectification process was described using energy band
diagrams and electron tunneling through a barrier, but the
overlap area of the MOM diode must be small enough so
that the RC time constant is less than one infrared wave cycle
[15]. An equivalent circuit of an antenna-coupled MOM diode
under incident infrared radiation can be modeled as an antenna
and diode connected in series [24], [30], as shown in Fig. 3.

The MOM diode can be described by a junction capac-
itance Cp in parallel with a nonlinear voltage-dependent
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Fig. 3. Equivalent-circuit model of an antenna-coupled MOM diode. As a
receiver, the antenna is represented by a voltage source with series impedance.
The diode is represented by the parallel combination of a capacitor and
voltage-controlled resistor in series with the lead impedance.

resistance Rp (V). This parallel combination is in series with
the resistance r, which represents metal-lead and/or spreading
resistance [30]. An antenna functioning as a receiver can
be represented by an alternating current source Vjgcos(wt),
which is the induced time-dependent bias discussed in the
previous section. This is connected in series with impedance
Ra + jX 4, where R4 is the real impedance of the source and
Jj X 4 is zero at the resonant frequency. For this circuit, the RC
time constant is the product of the diode capacitance and the
equivalent resistance, which is Rp in parallel with the series
combination of R4 and r. This leads to a cut-off frequency

Je of
1 Ra+r+Rp(V)

" 27RC  2m(Ra+7)Rp(V)Cp'

While rectification and mixing are still observed above this
frequency, it is with diminished efficiency. To minimize the
response time of the diode and attain a high cut-off frequency,
the diode capacitance must be small. If the capacitor consid-
ered is a small parallel plate capacitor, the diode capacitance
C D is

fe 2)

EoxE0A
C= 3
7 3)

where ¢, is the relative permittivity of the oxide in the MOM
diode, ¢ is the permittivity of free space, A is the junction
area, and d is the thickness of the dielectric. For a diode with
a 25-A barrier composed of Al,O3, with a relative permittivity
at 28.3 THz approximately equal to 1 [37] and an equivalent
resistance of 1 kQ, a 75 x 75 nm or smaller overlap area is
required to obtain a cut-off frequency high enough to rectify
10.6-um incident radiation.

III. FABRICATION
A. Device Fabrication

The fabrication of antenna-coupled MOM diodes using
shadow evaporation has been previously reported [5], but
specific processing parameters form the basis of this paper
and, as such, will be detailed. The antenna and electrical lead
geometry is patterned via electron beam lithography (EBL)
with a bi-layer poly(methyl methacrylate) (PMMA)/MMA
resist stack on a Si substrate with a 1.19-um SiO; electrical
insulation layer. The underlying MMA is a more sensitive
resist which, for a specified thickness and exposing electron
beam accelerating voltage, forms an undercut beneath the
top PMMA layer. After EBL, the pattern is developed using
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Fig. 4. (a) Top view and (b) cross-section of the exposed resist after the de-

velopment and subsequent shadow evaporation. The PMMA bridge allows for
the formation of the MOM diode. (c) Summary of the fabrication process flow.

MIBK:IPA (1:3), and a descum procedure is performed with
O, plasma to remove any undesired residual resist.

Fig. 4(a) shows a top view of exposed resist after devel-
opment and metal deposition. Fig. 4(b) is a cross section of
the same structure, along the antenna axis, indicated by the
dotted line in the top view. When the patterns for each half
of the dipole halves are properly spaced, a bridge of PMMA
remains while removing the underlying MMA. This forms
the basis behind the shadow evaporation fabrication procedure
[38], which allows formation of the MOM diode with a single
lithography step.

The first metal deposition is performed with the sample
oriented at a small angle with respect to normal, with the
rotation about the PMMA bridge. Evaporation was chosen
as the deposition method because it offers a directional non-
conformal deposition through the patterned resist. Shown by
the light gray aluminum layer in Fig. 4(b), the aluminum
layer is deposited through the pattern in the developed PMMA
shown in Fig. 4(a). Aluminum is chosen because it readily
forms a native oxide layer when exposed to oxygen [29],
which at atmospheric pressure is approximately 22-25 A thick,
depending upon laboratory conditions such as temperature and
humidity [5]. After an oxide layer is grown on the deposited
aluminum, platinum is deposited at an opposing angle to the
first deposition, shown in Fig. 4(b) by the black layer. The
deposition angles are determined by the thickness of the resist
and the available undercut of the MMA layer. The diode
overlap area can be controlled by the geometry of the PMMA
bridge and the deposition angles. After a lift-off procedure,
the antenna-coupled MOM diode is completed. A scanning
electron micrograph of a completed device is shown in Fig. 5.
The inset image shows the overlap area, which for this case
is approximately 75 x 75 nm.

B. Tunneling Barrier Growth Process

The crucial factor in the fabrication procedure is the ox-
idation of the aluminum, which forms the tunneling barrier
in the MOM diode. Diodes fabricated with an oxidation at
atmospheric pressure have shown to be of very high resistance
[5]. Therefore, it is desirable to oxidize the aluminum with a
controllable pressure of oxygen, which allows for a thinner
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Fig. 5. Scanning electron micrograph of completed antenna-coupled MOM
tunnel diode infrared detector after shadow evaporation and liftoff. The inset
image shows the overlap of the two metal layers, which are separated by a
thin AlO, layer grown by the intermediate oxidation step.

oxide layer to be formed than with air oxidation, providing
lower resistance devices.

The oxidation of a thin film of aluminum at room temper-
ature results in an AlO, barrier which reaches a diffusion-
limited thickness based on the pressure. In situ ellipsometry
was performed to analyze the oxidation of aluminum film
under vacuum. The base partial pressure of Oy of during the
evaporation was 5.7 x 10719 Torr, as measured with a residual
gas analyzer. Assuming a unity sticking coefficient for oxygen,
a monolayer of AlO, would take on the order of 65 min to
form [39], allowing for the assumption that the aluminum film
starts without any AlOy. The ellipsometry from the growth of
aluminum oxide at room temperature for a 10-xTorr oxidation
is shown in Fig. 6, which is consistent with in situ aluminum
oxidation performed by Lindmark er al. [40].

The AlO, film never completely stops growing, but after
the initial 15 min, the rate decreases to approximately 1 A
per h. As such, the oxidations that form the MOM diode are
performed for 30 min, which has shown to be repeatable and
reliable. Low pressure in situ oxidation is the only way to
accurately control the AlO, oxide thickness grown [5]. It is
utilized in this paper so that its effect on diode characteristics
can be studied, allowing for the ability to tailor the -V char-
acteristics. Experiments performed studying this paper have
also shown that yield is improved for low-pressure oxidation
and by the precision of the device fabrication. Changes in
the oxidation partial pressure could cause variations in grain
size, packing density, and grain boundary defects in the AlO,
barrier. Although these variations could certainly affect the
tunneling properties of the AlO, barrier, the changes caused
by oxidation partial pressure were only characterized from an
electrical and infrared response standpoint.

MOM diodes that are fabricated using two lithography steps
not only require alignment of multiple layers but can only
be fabricated at the expense of either oxide thickness or
diode overlap area. If a two-lithography process is utilized,
the sample is exposed to ambient conditions and the full
native oxide thickness is grown on the aluminum. Tiwari ef al.
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Fig. 6. In situ ellipsometry of AlOy growth on aluminum thin film. The Oy
valve was opened at # = 0 min and the flow of oxygen was started at t =3
min. The film reaches a thickness of approximately 6 A after 15 min.
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Fig. 7. (a) I-V characteristic, (b) resistance, (c) nonlinearity, and (d) curvature
of Al/AlO, /Pt antenna-coupled MOM diode. The measured /-V characteristic
is fitted with a fifth-order polynomial, which is then used to calculate the other
parameters used for comparison.

showed that this native oxide layer could be removed by
means of an in-vacuum ion etching source and regrown using
low-pressure oxidation before the second metal evaporation.
However, this etching procedure also etches the patterning
resist, so it comes with the expense of losing control of the
diode overlap area [6]. Therefore, a single lithography process
was used to provide for the most precise geometry from device
to device, and from one fabrication run to the next.

IV. MEASUREMENTS
A. I-V Characterization

The I-V characteristics of MOM diode-based devices can be
measured to study the effect of design and fabrication parame-
ters. The I-V characteristic of an antenna-coupled Al/AlO, /Pt
MOM diode is shown in Fig. 7(a). The data is acquired by
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Fig. 8. Zero-bias nonlinearity as a function of Al/AlO, /Pt zero-bias diode

resistance for various oxidation pressures. As oxidation pressure increases,
the thickness of the AlOy increases, which results in higher device resistance.
Diode nonlinearity is inversely proportional to the diode resistance.

measuring the current as the bias V}, is swept and fitted with a
fifth-order polynomial. From the measured /-V characteristic,
the resistance is defined as
—1
dl

- “)
av V=V,

Ry =
and is shown in Fig. 7(b), where Ry is the resistance of the
diode evaluated at the bias voltage Vj, of interest. Although
the asymmetry in the /-V characteristic appears as minimal,
Fig. 7(b) shows that device resistance changes by approxi-
mately a factor of 2 from zero bias to £0.5-V.

The second derivative of the current is referred to as the
nonlinearity of the device, is expressed as

d%1

Ny = — .

5)

The absolute value of N, is shown in Fig. 7(c) as a
function of Vj,. When evaluated at zero bias (V;, = 0-V), diode
nonlinearity is proportional to the constant coefficient of the
second-order term of the Taylor series expansion of the I-V
characteristic. The curvature (also referred to as sensitivity) of
the diode is the product of the resistance and the nonlinearity
[41], defined as

2
Sy = 4¥ (6)

V=V,

QU
~

QU
9|

&|a~‘
<[~

where Sy is evaluated at the bias voltage of interest. This is
shown in Fig. 7(d) for an Al/A1O0,/Pt MOM diode.
Resistance, nonlinearity, and curvature are compared at
zero-bias since all of the infrared measurements have been
performed at zero bias, with exception of the bias-dependent
measurement. The rectified voltage from the diode is pro-
portional to the curvature of the diode, and the rectified
current is proportional to the second derivative of the current
[22]. For these experiments, the rectified current is measured
with a low-noise current amplifier. As such, it is desired
to fabricate MOM diodes with large nonlinearity from the
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Fig. 9.  Zero-bias curvature as a function of Al/AlO,/Pt zero-bias diode

resistance for various oxidation pressures. As oxidation pressure increases,
the oxide thickness increases and the diode curvature increases.

I-V characteristic to provide for a large response. Fig. 8
shows the zero-bias nonlinearity for individual AI/AlO, /Pt
MOM diodes as a function of zero-bias resistance for various
oxidation pressures, which are shown in the legend. Diode
resistance increases as a function of the oxidation pressure.
The nonlinearity is inversely proportional to the resistance of
the diode, and a linear fit is shown by the dotted line.

At diode resistances of less than 5 kQ, the nonlinearity
ceases to follow the trend. For 50 uTorr and 5 mTorr oxi-
dation, approximately 6 and 10 A layer of AlO, is grown,
respectively. These thicknesses only constitute a few mono-
layers of oxide and, as such, it is believed that pinholes and
localized thinning of the oxide can impact the functionality
of the MOM diodes [42]. The data shows that the devices
fabricated with 100 mTorr oxidation exhibit the least scatter
and most predictable nature. This is due to the fact that, for
the system used in this paper, it is easiest to precisely control
pressures at 100 mTorr. For higher oxidation pressures, such as
10 Torr, the devices exhibit behavior similar to those oxidized
in atmosphere, meaning that the native oxide thickness of
22-25 A is reached near 10 Torr at room temperature. These
devices have lower yield than those formed with low-pressure
oxidation.

Similar behavior can be seen by looking at the zero-bias
curvature of individual AI/AIO,/Pt MOM diodes as a function
of zero-bias resistance, shown in Fig. 9.

Again, for resistances less than 5 kQ, diode curvature
falls off faster than the trend of the other oxidation pressure
cases. As the tunneling barrier gets thinner and thinner, the
diode exhibits resistive behavior, which causes the curvature
to approach zero. Table I provides a summary of the various
diode parameters as a function of oxidation pressure found in
this paper.

B. Noise Characterization

To accurately determine the SNR of a device for a given
infrared irradiance, the various sources of noise must be
analyzed. The device under test (DUT) is placed at the focus
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TABLE I
DIODE PARAMETERS VERSUS OXIDATION PRESSURE

Oxidation Average Nonlinearity =~ Curvature

pressure resistance (L) (,uA/Vz) (V’l)
50 uTorr 655 29.09 0.022
5 mTorr 5.02 k 39.04 0.180
50 mTorr 97.9 k 9.336 0.457
100 mTorr 201.8 k 3.862 0.452

10 Torr 20.39 M 0.024 1.696

As the oxidation pressure is increased, the average zero-bias resistance of the
diodes increases, as does the curvature. Zero-bias nonlinearity is inversely
proportional to the zero-bias resistance of the diode. For oxidation pressures
of 5 mTorr or less, it has been found that for the Al/AlO, /Pt material set, the
barrier thickness is thin enough that diode characteristics are heavily impacted
by localized tunneling in thinner parts of the barrier.

R

F

Fig. 10. Operational amplifier circuit used for infrared device measurements.
The input to the amplifier is derived from infrared frequency currents that are
rectified by the diode. The detector enclosed by the dotted line denotes the
equivalent circuit model of the antenna-coupled MOM diode shown in Fig. 3.

of a CO, laser beam. The DUT is connected to an Analog
Devices AD743 operational amplifier. The circuit diagram for
a connected device is shown in Fig. 10.

By superposition of powers, there are seven internal noise
sources present in the circuit used to measure the devices,
shown in (7). Each component in the noise calculation is
computed based on the elements in operational amplifier
circuit and includes the voltage and current noise inherent to
the AD743 amplifier. From the data sheet, the input voltage
noise density e, of the AD743 amplifier is 3.2 nV/,/Hz and
the input current noise density i, is 6.9 fA/,/Hz

2 2
Rr Rr
en=|4kTRp (=L +1) +4kTR (=5) +4kTRF
Ry Ry

> [ RF : .42 2 3 ? c—2 p2
+e\—=—+1) +i,"Rp\—+1) +i,"Rr
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2qVyRp % T
Ry, + R D:| 2

The feedback resistor Rr and R; were chosen to minimize
noise in the amplifier circuit. The first term of (7) calculates the
Johnson noise contribution of the diode, which is dependent
upon the device resistance as well as the feedback circuit. The
Johnson noise in Ry and R; are calculated by the second and
third terms, respectively. The voltage noise of the amplifier is
calculated by the fourth term of (7), while the current noise
through the + and — terminals of the amplifier are calculated
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Fig. 11. Johnson noise and total noise predictions as well as measured device
noise as a function of diode resistance. The data shows that Johnson noise is
the dominant source of noise.

by the fifth and sixth terms, respectively. The last term of
(7) accounts for shot noise when a bias is applied to the
device, where V), is the bias applied through a biasing resistor
Ry. Although the above noise analysis is for antenna-coupled
MOM diode infrared detectors, it provides consistent results
with previous noise analysis for antenna-coupled bolometer
infrared detectors [43].

By analyzing the total noise contribution, based on a vari-
able diode resistance, an expected noise contribution can be
predicted. For high resistance values, Johnson noise of the
diode (arising from Rp) dominates the total noise of the cir-
cuit. For diode resistances of 10 kQ, the amplifier noise begins
to rise above the diode Johnson noise. Therefore, for very
low resistances (<1 k€), the measured device noise would
contain a significant noise contribution from the amplifier.
The noise of each device was measured with a SR770 FFT
Network Analyzer. Fig. 11 shows the Johnson noise and total
amplifier noise predictions, along with the measured noise
for individual devices. The measured devices were found to
follow the Johnson noise prediction, meaning that the amplifier
did not impart a significant noise contribution to the devices.
Therefore, the first contribution in (7) is dominant.

C. Infrared Characterization

While strong polarization dependence is not in itself indica-
tive of high performance from a device, for antenna-coupled
devices it indicates that the device response is due to the
antenna. Some work has indicated that laser-induced thermal
contributions can be the source of device response, as indicated
by a decreasing signal as chopping frequency is increased [9],
[44]. However, the response from the diodes fabricated for
this paper did not exhibit thermal response behavior. Since
the response of the devices is polarization dependent and
thermal contributions do not contribute to the signal, this
confirms that the response is due to Fermi-level modulation.
Fig. 12 shows the polarization-dependent response of a dipole
antenna-coupled AI/A1O,/Pt MOM diode.
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Polarization response of an Al/AlO,/Pt ACMOMD. The electric
field of the incident radiation is parallel to the antenna at 0°, 180°, and 360°,
where the maximum response was measured and at a minimum at 90° and
270° where the incident field is perpendicular to the dipole antenna. The

polarization ratio for this device, which is the maximum response divided by
the minimum response, is about 8:1.
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Fig. 13.

Device response as a function of infrared irradiance. The rectified
current is proportional to the input power, or the square of the induced voltage
shown in (8), which is clearly shown by the measured data.

The response of these devices is based upon the magnitude
of the current that is rectified by the MOM diode. This rectified
current /r from the diode is related to the amplitude of the
induced infrared voltage from [22, eq. (1)] and is expressed as

;] d*1 )
" aavr|,_, 'F

®)

where the second derivative is evaluated at the bias voltage
of interest. Since the rectified current is proportional to the
square of the induced voltage and thus the incident power,
the device operates as a square-law detector. Fig. 13 shows
the device response as a function of infrared input power.
Akin to Fig. 13, where the rectified current increases as a
function of the incident power, the rectified current is also
dependent upon the nonlinearity, or second derivative, of the
I-V characteristic. By measuring the devices and comparing
the SNR as a function of diode nonlinearity, which is shown

Fig. 15.
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Fig. 14. SNR as a function of Al/AlOy/Pt diode nonlinearity. A linear trend
with zero intercept is expected from (8), which holds true for nonlinearities
less than 10 ,uA/Vz, corresponding to devices greater than 10 kQ.
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Bias-dependent response of an antenna-coupled Al/AlOy/Pt diode.

The device response follows the second derivative of the /-V characteristic,
as expected from (8).

as a function of resistance in Fig. 8. Fig. 14 shows the
device SNR as a function of device nonlinearity. While there
is some scatter in the data, for device nonlinearities of less
than 10 u#A/V?, which corresponds to device resistances of
approximately 20 kQ and above, the rectified current follows
(8). The dashed line in the plot shows a linear fit with a
zero intercept. For higher nonlinearity, SNR does not increase
linearly. This could be due to several factors, including the
fact that these low-resistance devices may have pinholes in
the thin oxide barriers [44].

Up to this point, all of the measurements have been per-
formed at zero bias. This has been possible due to the fact
that asymmetric diodes have been fabricated and zero-bias
nonlinearity is a nonzero quantity. However, it is possible to
bias the devices to increase response, by moving along the
nonlinearity curve, similar to that shown in Fig. 7(c). Fig. 15
shows the dependence of device response as a function of bias
voltage Vj. Vp, was swept in 50-mV steps and the response was
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Fig. 16.  Output voltage density as a function of a frequency measured

with a network analyzer. The signal due to incident radiation is shown at the
chopping frequency, which is approximately 1525 Hz.

recorded. The response of the device, shown by the data points,
is proportional to the device nonlinearity, which is shown as
the line. The maximum bias in the forward direction could
only be increased to 0.3-V due to the nonlinear resistance of
the device. However, the expected trend is still evident.

It was found that, for unbiased measurements, Johnson noise
of the diode was the dominant noise source, shown in Fig. 11.
When the device is biased, shot noise is introduced, which is
represented by the last term in (7). 1/f noise is also introduced,
but a low-pass filter was used to minimize fluctuations of
the bias source. The output voltage density of the current
preamplifier as a function of frequency can be seen in Fig. 16,
which was captured by a network analyzer. This device has a
zero-bias resistance of 25.5 kQ.

The measured data at zero bias is shown here for two cases,
both with (dotted red line) and without the bias (solid black
line) circuit connected. With the bias circuit connected, a slight
increase in 1/f noise is seen, as well as an increase at 60 Hz
due to line noise in the cabling and electrical connections. 1/ f
noise and shot noise that arises due to current flow through the
device increase as a small bias (0.1-V) is applied on the device.
The signal due to the incident infrared radiation also increases,
following the expected trend due to the increase in device non-
linearity. As the device bias is further increased, the shot noise
increases to a level higher than that due to incident radiation.

Fig. 17 shows the measured noise density at 1582 Hz as
a function of bias for the same device measured in Fig. 16.
At zero bias, the measured noise is due to Johnson noise of
the diode. As the device is biased, the voltage noise density
increases proportionally to the square root of the applied bias
as shown by the last term (shot noise) in (7).

For AI/AlO,/Pt diodes, the large work function difference
leads to a high built-in field. This allows these asymmetric
devices to detect LWIR radiation without bias, which has
been determined to be the optimum operating point. However,
devices fabricated using a different material set would result
in a different /-V characteristic and device nonlinearity, and
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Fig. 17. Voltage noise density at 1582 Hz as a function of a bias measured
with a network analyzer. The noise density at zero bias is equal to the Johnson
noise of the diode. As the device is biased, shot noise increases the noise of
the device.

hence might allow for the use of biasing to increase SNR
compared to that achievable with unbiased operation.

Using the measured SNR, detector area, and infrared flux
on the detector, the noise equivalent power (NEP) and specific
detectivity (D*) can be calculated [45]. The effective area for
these antenna-based devices, which is the area for which re-
sponse is due to the antenna as measured, is elliptical in shape
and approximately 61 xm? [46]. For an unbiased Al/AlO,/Pt
device on the substrate detailed in the fabrication section with
4.23 W/cm? infrared irradiance in an approximately diffraction
limited F/8 beam, the measured SNR is 626, NEP is 4.11 nW,
and D* is 1.91 x 10° cm-Hz!'/2- W1,

D* can be improved in a number of ways. The D* and
associated measurements quoted above are for air-side illu-
mination. The use of a Ge hemispherical immersion lens,
with illumination through the substrate, has been previously
demonstrated [47] to increase the signal level by a factor
of 50. Given this, Al/AlO,/Pt devices were measured in
this configuration and a D* of 9.65 x 10° cm-Hz? W
was obtained, which is the highest D* reported to date for
antenna-coupled IR MOM diode infrared detectors. Further,
there exists an impedance mismatch between the antenna and
the diode. By fabricating antennas that have a higher feed
point impedance, and matching the diode impedance using
the controlled oxidation process set out in this paper, a higher
portion of the resonant antenna currents could be rectified by
the diode, which stands to further improve the D*.

V. CONCLUSION

The study detailed in this paper has shown the ability to
tailor response characteristics of Al/AlO,/Pt antenna-coupled
MOM diodes based on the oxidation which forms the tun-
nel barrier in the MOM diode. It has been shown that the
I-V characteristics can be tailored so that a desired resistance
or nonlinearity can be achieved by controlling the oxidation
pressure. By characterizing the noise, it was determined that
for unbiased device measurements, the dominant device noise
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is due to Johnson noise of the diode. This noise can be
reduced by reducing the resistance of the diode, and as such
the SNR increases for low resistance, or high nonlinearity,
devices. However, devices with resistance less than 10 kQ,
where the tunneling barrier is very thin, can exhibit abnormal
device performance due to “hot spots.” Biasing these devices
showed that detected signal increases as a function of the diode
nonlinearity, but that SNR suffers due to the introduction of
shot noise. Using different materials or fabrication techniques
for the device would lead to a different /-V characteristic
and therefore device nonlinearity. If the nonlinearity of the
device were to increase with bias faster than the associated
1/f and shot noise, SNR would increase as a function of bias.
Device response as a function of irradiance, nonlinearity, and
bias were shown for Al/AlO,/Pt devices, device response was
maximized according to application and noise constraints, and
D* was improved for this detector technology.
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