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Abstract

We compare the detection mechanisms employed in microstrip dipole antenna-coupled infrared detectors. The
electrical currents induced along the antenna arms are detected by a rectangular niobium (Nb) microsensor placed at
the center of the antenna. The ohmic nature of the Au—-Nb contact determines the detection mechanism. Devices with
linear contacts between the Au antenna arms and the Nb microsensor exhibit bolometric response. A nonlinear Au—
insulator—Nb junction rectifies the induced antenna currents. Devices with nonlinear contacts also exhibit a bolometric
response. The devices with nonlinear contacts are 1/f noise limited while the devices with linear contacts are Johnson
noise limited. The rectification mechanism is 5.3 times faster than the thermal detection. The current-voltage (/-V)
characteristic of the devices exhibiting bolometric response is linear, while that of the rectifying devices is cubic. For
devices with nonlinear contacts excellent agreement is obtained between the measured detector response and the ratio

between the second and the first derivative of the /-7 characteristic.
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1. Introduction

Lithographic antenna-coupled infrared detec-
tors were introduced during the mid 1970s [1].
Integrated infrared detectors using dipole anten-
nas [2], bowtie antennas [3], log-periodic antennas
[3], spiral antennas [4], microstrip patch antennas
[5], and microstrip dipole antennas [6] have been
reported. Metal-insulator-metal (MIM) diodes
[1,4] and microbolometers [2,3,5,6] integrated with
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the antennas are used as square-law detectors for
the terahertz (THz)-frequency electrical currents
induced along the antenna by the incident IR ra-
diation. The advantage of antenna-coupled MIM
structures is that the rectification response is sub-
stantially faster than the bolometric response, with
utility in such applications as frequency mixing
measurements.

A bolometer is a thermal detector, sensing a
change in its overall temperature. The temperature
rise caused by the incident radiation induces a
change in the electrical resistance of the bolometer.
The temperature coefficient of resistance of a me-
tallic bolometer is positive, while that of a semi-
conductor bolometer is negative. The change in
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the voltage across a bolometer, AV, is directly
proportional to the change in its electrical resis-
tance [7]:

VaRLAR,
(RL+Ry)’

where 3 is the bias voltage, Ry is the load resis-
tance from the biasing circuit, and R}, is the resis-
tance of the bolometer.

The MIM diode rectification mechanism can be
understood by considering the energy diagram of
two similar metallic electrodes separated by an
oxide layer of thickness d, as shown in Fig. 1. At
equilibrium, the two Fermi levels line up and there
is a potential barrier of width d and constant
height @, above the Fermi level Eg. When a po-
tential difference ¥, is applied between the elec-
trodes, the Fermi level of the positive-biased
electrode moves down by ¢V;, where ¢ is the unit
electronic charge. As a result, the potential barrier
between the electrodes has a trapezoidal shape.
The height of the potential barrier is a linear
function of the distance within the barrier, varying
from @, to P;:

b =d)— 1, (2)

b=

(1)

The electrons above the Fermi level in the elec-
trode 1 have a higher probability of tunneling than
the electrons from the electrode 2. Therefore, the
result of the application of the bias voltage is a net
electron flow from electrode 1 to electrode 2.
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Fig. 1. Energy diagram of two similar electrodes separated by
an insulator layer of thickness d.

When the MIM diode is integrated with an
antenna the incident IR radiation induces a time
dependent ‘““optical voltage” across the barrier,
thus modulating the bias voltage. The total bias
voltage across the barrier can be expressed as:

V(t) = Vs + ¥V, cos(wt) (3)

where V,, is the amplitude of the induced voltage of
angular frequency w in the THz range.

When the induced voltage has the same polarity
as the applied voltage, the separation between the
Fermi levels is increased and the thickness of
the potential barrier is decreased. As a result, the
probability of an electron to tunnel through the
potential barrier increases and the overall electrical
current through the MIM structure increases.
Following a similar reasoning, the overall electri-
cal current passing through the diode decreases
when the polarity of the induced voltage is oppo-
site to that of the applied voltage. Therefore the
MIM diode acts as a rectifier.

To obtain a quantitative relationship between
the amplitude of the rectified current, 7, and the
amplitude of the induced optical voltage, V, a
Taylor-series expansion of the total current (¢)
with respect to the total bias voltage V(¢) is per-
formed. The magnitude of the rectified current is
related to the amplitude of the induced voltage
through [8]:

1<d21> 5
h=g{q2) % (4)
4\dr: ),

The rectified current is proportional to the square
of the induced voltage and therefore to the power
of the incident radiation. Hence, the MIM diode
acts as a square law detector. The proportionality
constant is determined by the second derivative of
the 7-V characteristic of the diode, evaluated at V5.

Fermi level modulation is not the only mecha-
nism facilitating the tunneling of electrons through
the potential barrier. Two other phenomena take
place when the IR radiation is incident on the bi-
ased junction: (1) photo-assisted tunneling and (2)
thermal-assisted tunneling [9]. Photo-assisted tun-
neling occurs because the electrons in the metals
close to the barrier absorb photons and gain
hw /27 extra energy, where 4 is Planck’s constant.
In thermal-assisted tunneling, some of the incom-



L Codreanu et al. | Infrared Physics & Technology 44 (2003) 155-163 157

ing photons are coupled to phonons and the
temperature of the metals increases by AT. Elec-
trons in the vicinity of the Fermi level will acquire
about kg -AT additional energy, where kg is
Boltzman’s constant. The extra energy thus ac-
quired increases the probability of electrons to
tunnel through the potential barrier.

We fabricated microstrip dipole antenna-cou-
pled IR detectors that exhibit both bolometric and
rectifying detection of the induced antenna cur-
rents. Section 2 describes the fabrication of the
antenna-coupled detectors using electron-beam li-
thography. The experimental procedure is pre-
sented in Section 3. The two detection mechanisms
are investigated in Section 4.

2. Device fabrication

The microstrip dipole antenna-coupled micro-
bolometers were fabricated on 3-in. diameter sili-
con wafers. A 200-nm thick silicon oxide layer
was deposited on the polished side of the wafer
by plasma enhanced chemical vapor deposition
(PECVD) to provide thermal and electrical insu-
lation between the device and the silicon wafer. A
200-nm thick layer of evaporated gold served as
antenna ground plane. The dielectric spacer be-
tween the dipole and the ground plane consisted of
a 500-nm thick layer of silicon oxide deposited by
PECVD. Fig. 2 shows a top view of the integrated
sensor. A 100-nm thick layer of gold was electron-
beam evaporated on top of a bi-layer of electron-
beam resist in which the antenna pattern had been
defined. A thin (10 nm) layer of evaporated tita-
nium (Ti) served as adhesion layer between the
silicon oxide and gold layers. The excess metal was
removed by lift-off. The two antenna arms were
nominally 1.8 pum wide and were separated by a
400-nm long gap. The narrow (300 nm) horizontal
lines shown in Fig. 2 were deposited simulta-
neously with the dipole antenna arms, and serve as
direct current (dc) leads connecting the antenna to
the biasing and read-out circuit. However, the dc
leads also collect some IR radiation and thus re-
duce the overall antenna polarization ratio. To
alleviate this problem, the dipole antenna arms
were made wider than the dc leads, taking

Fig. 2. Electron micrograph of a microstrip dipole antenna-
coupled IR detector.

advantage of the fact that a larger-area antenna
has a larger radiation collection area. A rectan-
gular (1.8 x 1.0 um?) bolometer pattern, defined in
an electron-beam resist layer, was aligned with the
gap between the two antenna arms. A 100-nm
thick layer of Nb was deposited by dc sputtering
and the excess metal was lifted off. The electrical
resistance of the integrated detectors was about
50 Q.

3. Experimental setup

Fig. 3 shows the optical train used for the illu-
mination of the integrated detectors. The carbon
dioxide (CO,) laser emits linearly polarized radi-
ation at 10.6 um. A set of neutral-density filters
attenuates the laser beam. The polarizer (P) fur-
ther reduces the optical power. In conjunction with
the half-wave plate (HWP), it controls the polar-
ization of the radiation that eventually reaches the
detector. Lenses L1 and L2 form an afocal system
used to collimate and expand the beam by a factor
of 20. An F/1 aspheric lens (L3) focuses the beam
into an almost diffraction-limited spot with a 1/e?
radius of 13 pum and an irradiance of about 1000
W/cm?. The detector under test was biased at 100
mV and placed in the focal plane of the aspheric
lens. The mechanical chopper, placed in the focal
plane of the first lens, modulated the laser beam at
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Fig. 3. Schematic of the optical train used to illuminate the detectors.

2.5 kHz and the change in the voltage across the
terminals of the detector was recorded using a
lock-in amplifier after a 10 x preamplification.
Both the magnitude and the phase of the detector
response were read from the lock-in amplifier.

The device was mounted on a three-axis micr-
opositioner stage. Two computerized Melles-Griot
nanomovers controlled the position of the detector
in the vertical (x—y) plane. The movement along
the beam-propagation direction (z) was controlled
manually. To record the spatial response of the
detector, a two-dimensional serial scan with a
resolution of 1um was performed by moving the
device in the x—y plane.

4. Results and discussion

Fig. 4 shows a typical two-dimensional scan of
the spatial response of a microstrip dipole antenna-
coupled microbolometer. The response consists
of a central peak superimposed onto a pedestal.
The incident radiation raises the temperature of
the microbolometer through several mechanisms.
First, the antenna currents at optical frequencies
induced by the incident radiation are dissipated
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Fig. 4. Two-dimensional scan of the spatial response of an
integrated detector with ohmic contacts.

within the bolometer. We refer to the signal gen-
erated through this detection mechanism as the
antenna thermal signal. Second, the radiation ab-
sorbed directly into the bolometer and into the
substrate in the vicinity of the antenna also raises
the temperature of the bolometer. The signal
generated through this detection mechanism is
referred to as the substrate thermal signal. Third,
the gold dc leads provide a conduction path for the
heat generated within the silicon oxide antenna
substrate to the microbolometer. We will refer to
the signal generated through this detection mech-
anism as to the dc leads thermal signal. The central
peak of the spatial response is generated through
the first two mechanisms. The horizontal dc leads
(see Fig. 2) are responsible for the generation of
the pedestal onto which the central peak is super-
imposed.

Fig. 5 shows the spatial response of devices
fabricated under slightly different conditions. It
consists of a central response accompanied by two
side lobes of opposite polarity. The electron-beam
resist layer used to define the bolometer pattern
was selectively exposed with an electron dose of
300 uC/cm?. The bolometer pattern of the devices
whose spatial response is shown in Fig. 4 was de-
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Fig. 5. Two-dimensional scan of the spatial response of an
integrated detector with nonlinear contacts.



L Codreanu et al. | Infrared Physics & Technology 44 (2003) 155-163 159

fined by exposing the resist with a higher dose (500
uC/ecm?). After exposure, the resist was developed
for 60 s in both cases.

Because of the lower exposure dose a thin (tens
of angstroms) layer of resist is left on top of the Au
antenna arms and is sandwiched between the Nb
microsensor and the antenna arms. Fig. 6(a) shows
the energy diagram at equilibrium for a Nb mic-
rosensor of length L placed on top of two Au an-
tenna arms when a resist layer of thickness d exists
between the microsensor and the antenna arms.
Gold has a larger work function (@4, = 5.1 eV)
than niobium (@, = 4.3 €V) [10]. The energy di-
agram after the application of a bias voltage V4, is
shown in Fig. 6(b). The width of the energy barrier
seen by the electrons close to the Fermi level in the
first dipole arm is reduced as a result of the ap-
plication of the bias voltage. Those electrons tun-
nel from the first dipole arm into the Nb
microsensor with higher probability. The bias
voltage also increases the tunneling probability of
electrons from the Nb microsensor into the second
dipole arm. The bias voltage reduces the proba-
bility of electrons tunneling from the second dipole
arm into the Nb microsensor and from the Nb
microsensor into the first dipole arm. Therefore
the result of the application of the bias voltage is a
net electron flow from the first antenna arm to the
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Fig. 6. Energy diagram of a niobium microbolometer of length
L placed between two gold electrodes. Two nonlinear contacts
are formed at the gold-niobium contacts because of the resist of
thickness d.

second antenna arm, via the Nb microbolometer.
The optical voltage induced across the two non-
linear contacts and the microsensor by the incident
IR radiation modulates the separation between the
Fermi levels and thus modifies the tunneling
probabilities of the electrons as described in Sec-
tion 1. The signal generated through this detection
mechanism will be referred to as the rectified sig-
nal. The rectified antenna current dissipates in the
Nb microsensor generating an antenna thermal
signal.

Three detection mechanisms are present in these
devices: (1) the rectification of the induced antenna
currents by the nonlinear contacts formed between
the Nb microsensor and the antenna arms; (2) the
bolometric detection of the rectified antenna cur-
rents by the Nb microsensor; and (3) the thermal
detection of the radiation directly absorbed into
the Nb microsensor and into the antenna sub-
strate. The first two detection mechanisms are
dependent on the antenna design because they are
based on the induced antenna currents. The third
detection mechanism is mainly determined by the
size and irradiance of the laser beam used to illu-
minate the device under test. The second and third
detection mechanisms are thermal in nature and
occur because of the increase of the overall tem-
perature of the Nb microsensor. The central por-
tion of the detector spatial response shown in Fig.
5 is the result of the competition between the rec-
tification mechanism and the two thermal detec-
tion mechanisms. The positive side lobes are
thermal in nature and are generated by the heat
conducted from the silicon oxide antenna sub-
strate into the microsensor via the dc leads.

Fig. 7 compares the detector response versus the
bias voltage of the devices exhibiting only thermal
response to that of the devices in which both the
rectification and thermal mechanisms are present.
We compare only the central portions of the spa-
tial response. The curves follow the sign conven-
tion adopted earlier. Devices exhibiting both
detection mechanisms have linear response only in
the —100 to 100 mV bias voltage range. Within this
linear response range the slope of the curve
(—=1.9 x 1072 V/V) is steeper than the slope of the
devices exhibiting only the thermal detection
mechanisms (6.8 x 107> V/V). Saturation of the
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Fig. 7. Detector response versus bias voltage. The polarity of
the response of the devices with nonlinear contacts is opposed
to that of devices with linear contacts.

detector response starts at about 200 mV. The
detector response rolls over for bias voltages in
excess of 275 mV. In contrast, the response of the
devices exhibiting only thermal response is linear
throughout the entire bias voltage range.

Fig. 8 shows the magnitude of the central por-
tion of the detector spatial response as a function
of the antenna length for devices exhibiting both
rectification and thermal detection. The detectors
were biased at 100 mV and illuminated with 10.6-
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Fig. 8. Detector response versus antenna length for 10.6-pm
wavelength incident radiation. The rectification mechanism
dominates at short antenna lengths.

pum wavelength CO, laser radiation. As seen in
Fig. 7, at 100 mV bias voltage the rectified signal is
stronger than the antenna thermal signal. For
short antennas the rectification mechanism is
dominant over the thermal mechanisms because
the antenna length is close to the resonant length
and the induced THz currents are strong. As the
antenna length increases, the magnitude of the
induced THz currents decreases and the substrate
thermal signal becomes more important. When the
combined thermal signal equals the rectified signal,
the detector signal goes through zero. For anten-
nas longer than 4 um, the detector signal is thermal
in nature and almost constant in magnitude. In [6]
(Fig. 2) we have shown that the magnitude of the
current induced at the center of the microstrip
dipole antenna by the CO, laser radiation does not
change significantly for antenna lengths between 4
and 7 pm. Therefore the two antenna signals are
almost constant for this range of antenna lengths.
It can be concluded that the substrate thermal
signal is independent of the antenna size.

To further investigate the differences between
the two detection mechanisms, time constant
measurements were performed. A germanium ac-
ousto-optic modulator, placed between the polar-
izer and the HWP, modulated the laser beam up to
10 MHz. Fig. 9 shows the normalized detector
response versus modulation frequency for both the
central response with negative polarity and for the

0.8
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0.4

central minimum (t = 150 ns)
0.2+ o side lobes (t = 800 ns)

Normalized detector response

0.0 — T
10* 10° 10 10

Modulation frequency (Hz)

Fig. 9. Normalized detector response versus modulation fre-
quency.
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positive side lobes of Fig. 5. The central response is
about 5.3 times faster than the response from the
dc leads. This was expected because the rectifica-
tion of the antenna currents by a nonlinear junc-
tion is faster than thermal detection.

Fig. 10 compares the noise voltage spectrum at
100 mV bias of devices exhibiting only thermal
response to the noise voltage spectrum of devices
exhibiting both rectification and thermal response.
The noise voltage spectrum was calculated by
taking the square root of the difference between
the measured noise power spectrum and the in-
strumental noise power spectrum. The electrical
resistance of both types of devices was nominally
50 Q. In the devices exhibiting both detection
mechanisms, the total noise is dominated by the
1/f noise at low frequencies and tends towards the
Johnson noise level of a 50-Q resistor at high fre-
quencies. Johnson noise is the sole noise source in
devices exhibiting only thermal response. The 1/f
noise voltage is inversely proportional to the
square root of the frequency. The proportionality
constant depends on the ohmic nature of the
junction between electrodes; a high quality junc-
tion generates low 1/f noise. This shows that the
ohmic quality of the Au—Nb junctions in the rec-
tifying devices is poorer than in the devices
showing only thermal response.
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Fig. 10. Noise voltage spectrum at 100 mV bias. Devices with
linear contacts are Johnson noise limited while the devices with
nonlinear contacts are 1/f noise limited.

Current-voltage (/-V) measurements were per-
formed using a probe station and an HP4145B
semiconductor parameter analyzer. Fig. 11 com-
pares the -V characteristics for devices showing
only thermal detection and for devices exhibiting
both detection mechanisms. The device exhibiting
both detection mechanisms had a 1.8-um long di-
pole antenna; in this device the rectification
mechanism dominates the thermal detection (see
Fig. 8). The I-V characteristic of the bolometric
devices is linear while the /-V characteristic of the
devices exhibiting both detection mechanisms has
a cubic dependence on the bias voltage.

Throughout this work we referred to the change
in the bias voltage across the detector induced by
the incident IR radiation as the detector response.
Eq. (4) shows that the rectified current /. is pro-
portional to the second derivative of the I-V
characteristic. The detector response is obtained
by multiplying the rectified current by the electrical
resistance of the detector:

Vou = RI (5)

The electrical resistance of the detector at a given
bias voltage is the inverse of the first derivative of
the /-V characteristic, evaluated at that particular
bias voltage. Therefore, the magnitude of the sig-
nal generated by a device exhibiting rectifying de-
tection is directly proportional to the second
derivative of the /-V characteristic and inversely

—e— bolometer & rectification ] .
bolometer only 2 ‘e

04 02 o] ' 02 ' 04
o 21 \(\%

8

Fig. 11. I-V characteristics. Devices exhibiting bolometric de-
tection have a linear /-V characteristic while the characteristic
of the rectifying devices is nonlinear.
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Fig. 12. Detector response versus bias voltage compared to the
ratio between the second and the first derivatives of the /-V
characteristic for a device exhibiting both detection mecha-
nisms. The antenna length (1.8 um) was close to the resonant
length rendering the rectification mechanism dominant.

proportional to the first derivative of the /-V
characteristic:

1//(Vb )
(%)

Vour (V) o (6)
Fig. 12 shows the excellent agreement between the
measured detector response and the ratio between
the second and the first derivative of the I-V
characteristic. The derivatives of the /-V charac-

teristic were obtained from the data shown in
Fig. 11.

5. Conclusions

We investigated the detection mechanisms in
microstrip dipole antenna-coupled IR detectors.
The nature of the detection mechanism depends on
the quality of the contact between the Au antenna
and the Nb microsensor placed at the center of the
antenna. A linear ohmic contact generates a bo-
lometric response, referred to as the antenna
thermal signal, because the induced antenna cur-
rents dissipate within the microsensor. Another
thermal signal, referred to as substrate thermal
signal, is generated because of the absorption of
the incident IR radiation into the microsensor and
into the antenna substrate.

During the fabrication process, a photo-resist
residue can be incorporated between the antenna
arms and the Nb microsensor leading to nonlinear
Au-insulator-Nb contacts. These nonlinear con-
tacts rectify the induced antenna currents. The
rectified antenna currents dissipate in the micro-
sensor, leading to an antenna thermal signal. Ra-
diation absorbed into the microsensor and into the
antenna substrate leads to the generation of a
substrate thermal signal. Because the respective
signals have opposite polarity, the rectification
mechanism competes against the two thermal
mechanisms in devices with nonlinear contacts. In
antennas with lengths close to the resonant length
the rectification mechanism dominates the two
thermal mechanisms. The substrate thermal re-
sponse is essentially independent of the antenna
length. As the antenna length increases the in-
duced electrical current decreases in magnitude
and the substrate thermal response becomes the
dominant detector signal.

The dc leads used to bias the device provide a
conduction path for the heat generated within the
antenna substrate towards the Nb microsensor.
When the laser beam is incident onto the dc leads
both the devices with linear ohmic contacts and
the devices with nonlinear contacts generate a re-
sponse that is thermal in nature.

The rectification mechanism is more than five
times faster than the thermal detection mechanism.
The 1/ noise is dominant in devices incorporating
nonlinear contacts while the devices with linear
contacts are Johnson noise limited.

Devices exhibiting only bolometric detection
have a linear /-V characteristic while the /-V
characteristic of devices exhibiting both detection
mechanisms is nonlinear. The response of the de-
tectors exhibiting only thermal detection is linear
throughout the —400 to 400 mV bias voltage
range. Devices with both detection mechanisms
exhibit linear response only within the —100 to 100
mV bias voltage range. The response of those de-
vices saturates above 200 mV and rolls over for
bias voltages exceeding 275 mV. The measured
detector response versus bias voltage for devices
with nonlinear contacts is in excellent agreement
with the ratio between the second and the first
derivative of the /-V characteristic.
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