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Infrared-absorbing gold black has been selectively patterned onto the active surfaces of a vanadium-oxide-based
infrared bolometer array. Patterning by metal lift-off relies on protection of the fragile gold black with an
evaporated oxide, which preserves much of gold black’s high absorptance. This patterned gold black also survives
the dry-etch removal of the sacrificial polyimide used to fabricate the air-bridge bolometers. For our fabricated
devices, infrared responsivity is improved 22% in the long-wave IR and 70% in the mid-wave IR by the gold black
coating, with no significant change in detector noise, using a 300°C blackbody and 80 Hz chopping rate. The

increase in the time constant caused by the additional mass of gold black is ~15%.
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OCIS codes: (040.3060) Infrared; (040.6808) Thermal (uncooled) IR detectors, arrays and imaging; (310.3915) Metallic, opaque, and

absorbing coatings.
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1. INTRODUCTION

Heating by absorbed infrared power causes a measureable
change in bolometer resistance. Increasing absorption with
an optical or plasmonic resonant coating can increase respon-
sivity without increasing noise, in principle. Optimization for
mid-wave IR (MWIR, 3-5 pm wavelength) or long-wave IR
(LWIR, 8-12 pm wavelength) is usually achieved by Fabry—
Perot [1,2] or other resonant structures [3—5], whose peak ab-
sorption and bandwidth depend on resonator Q and hence on
fabrication tolerances. Typically, high absorptance can be
achieved using these methods, but the bandwidth is often lim-
ited. Chang [6] developed a dual cavity structure using a spacer
layer to increase the bandwidth of the absorption for LWIR,
but the average absorption was only 59% and 65% for
8-9.4 pm and 9.4-10.8 pm, respectively. Alternatively,
Aggoun [7] modeled a cavity structure in which the peak ab-
sorption at 9.8 pm was 96% with an average absorption over
90% for LWIR. Using tight control of fabrication processes and
a silicon nitride stack, Raytheon is able to produce focal plane
arrays with absorption exceeding 80% [8] averaged over the
LWIR. The combination of Fabry—Perot resonant structure
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and gold black coating that we report here achieves a nearly
flat 90% absorptance across both LWIR and MWIR
bands and hence evidently exceeds the state of the art.
Microbolometers may never compete with photon-sensitive de-
vices in the MWIR in terms of sensitivity [9], but simultaneous
high response in borh MWIR and LWIR may have certain de-
sirable applications. While the LWIR is the most useful range
for room-temperature scenes, MWIR capability is necessary to
detect rocket plumes, directional infrared counter measures
lasers, seeing in haze or marine aerosol, or achieving high
dynamic range that is not supported by a single band [10].
Gold black has very high absorption over a broad spectral
range [11]. Blanket coatings are easily achieved using an ordi-
nary thermal evaporator, suggesting the possibility of multi-
band sensors fabricated using a single material with minimal
fabrication tolerances. On the other hand, this low-density
material is extremely fragile, which makes it difficult to inte-
grate onto a microbolometer array, since usual fabrication proc-
esses destroy the film. Some of us recently demonstrated
patterning of gold black by usual lift-off enabled by an evapo-
rated SiO, protection layer [12,13]. Such protected gold black
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retains high absorption in the MWIR and LWIR bands [12].
Meanwhile, Plasmonics, Inc. has developed high-performance
room-temperature air-bridge microbolometer arrays using
amorphous vanadium oxide (VO,) thin films [14,15]. These
detectors achieve a projected absorptance of 71%, as deter-
mined by numerical calculation, in the LWIR but are not
designed to function well in the MWIR.

Our preliminary report of bolometer responsivity enhance-
ment due to patterned gold black was presented in [16]. Here,
we present new results and analysis, particularly in the MWIR
and LWIR bands, using an optimized detector design. Revised
analysis of the thermal response time of the microbolometer
indicates that the addition of gold black marginally decreases
the speed of the detector, but response is enhanced and more
uniform in both MWIR and LWIR bandwidths. These ob-
served increases would indeed be smaller for more optimized
devices, such as those fabricated by Raytheon [8]. However,
this demonstration shows the possibility of achieving high ab-
sorption in cases where a cavity is not possible or high tolerance
of structure dimensions is not easily achieved. While D* of our
fabricated devices only reaches 107 cm Hz'/2 W, we con-
clude that this is due to high 1/f noise and is unrelated to
the application of the gold black absorber. Finally, the effects
of thermal treatments characteristic of the usual packaging
processes are discussed.

2. THEORETICAL CONSIDERATIONS

Figure 1 presents a schematic diagram for the air-bridge micro-
bolometer developed for testing. The structure is built upon an
oxidized substrate for electrical isolation. Nichrome (80/20
nickel-chromium) is chosen as the arm material as it has a
low thermal conductance of 11 W/mK with a relatively high
electrical conductance. The active VO, film is encapsulated
in silicon oxide to provide protection during necessary etching
steps. An optically thick gold reflector sits on the substrate
2 pm below the VO, film to facilitate a quarter-wave cavity
for LWIR absorptance.

The read-out circuit is a voltage divider with an impedance-
matched load resistor R;. We measure the detector voltage
V oue» which depends on R; and applied bias V3 according
to the voltage-divider formula [9], so that the change in voltage
caused by IR-induced change in R is

T TP(R, + R 4 R’
where the last equality occurs because of the use of the matched
load resistance. The voltage responsivity R, reported in this

dv dR
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Fig. 1. Schematic diagram of the designed microbolometer used in
testing.
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paper is dV . divided by the incident IR power, where Vg
is the same for all measurements. The percent change in resis-
tance 4R/ R is related to the change in device temperature by
the temperature coefficient of resistivity (TCR) of the VO,
film, defined as

1 dR
TCR=a=——. 2
CR=a RAT 2
Voltage responsivity R, can also be expressed as [9]
R
R, =, @)
V1+ Qrf)?
where
V gan
Ry = 4
C 7 4Gy @

is the responsivity when the modulation frequency f = 0. In
Eq. (3), 7 is the thermal time constant. In Eq. (4), 5 is the
absorptance and G.g the effective thermal conductance.
According to Eq. (1), 4dV ./ V3 = ad T so that R, is high
when TCR and absorbed IR power are high and when heat
capacity is low. Much research has raised the TCR of VO,
to the level of ~2%-3%/K [2]. Thermal conductance in
air-bridge bolometers can be decreased at the expense of a
longer thermal time constant and decreased mechanical
stability.

When a detector is irradiated by a blackbody source, the
incident power on the detector is [9]

PAT) = L(T) 5% R, ©

where App is the blackbody area, A, the detector area, 7 the
distance from blackbody to detector, and ¢ is the transmission
of the window of the detector housing. The solid angle of the
detector is approximated as Agp/r* as r > A}B{;. F ¢ is the form
factor for the RMS value of the incident power to account for
the modulation of the signal. Assuming square-wave modula-
tion with 50% duty, F = V2 /7 for the fundamental Fourier
component. The radiance term L is determined by evaluating
Planck’s Law for the desired spectral range as

2 kAT / A k3 he

e |, e Ty ©

L= ,
+ 71 T

where 7T is the blackbody temperature, 43 is Bolezmann’s con-
stant, 4 is Planck’s constant, and ¢ is the speed of light in
vacuum.

Responsivity can be improved by increasing the bias voltage
at the expense of increased Johnson noise, which is given by [9]

V; = \/4ks T RAS, )

where 7', is the device temperature, R is the resistance, and A f°
is the measurement bandwidth, which is related to the measure-
ment integration time 7, by Af = 1/(2z,) [9].

We previously estimated that our bolometers are Johnson
noise limited [14], but results presented here show a 1/ f char-
acteristic to the noise at high bias voltages. The 1/ f noise volt-

age is [17]
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where m &2, n~ 1, and ky is
Ay
b=, ©)

with ay; as the Hooge parameter, 7 is the mobile charge carrier
density, and V' is the volume of the material. Equation (7)
presents the 1/ noise in units of V/+/Hz. To compare with
experiment, Eq. (8) must be integrated over the measurement
bandwidth. Consensus is that 1/ noise arises from imperfec-
tions in the electrical paths and nonohmic contacts [18].

Adding an absorber increases the bolometer’s heat capacity,
which increases the thermal response time (and reduces device
speed) according to [9]

r= gc =cpitd, G= Lwcffmw,
where C is the heat capacity determined by specific heat ¢;,
density p;, thickness #;, and area 4 of the SiO, and VO, layers,
and G is the thermal conductance through the two arms of the
microbolometers, which is determined by arm geometry
(tnice w» and /) and the thermal conductivity gy, of NiCr.

(10)

3. EXPERIMENTAL DETAILS

Microbolometer design, fabrication, and testing procedures are
described in [16]. A gold-doped VO, thin film was formed as an
air bridge with a 2 pm gap for Fabry—Perot resonant absorption,
utilizing a 150 nm gold surface reflector. Revised numerical
electrodynamics calculations indicate an average absorptance
of 71% for the LWIR. The gold in the VO, reduces resistivity
while maintaining high TCR [15]. 300 nm NiCr support arms
in the air bridge minimizes thermal conduction while keeping
the response time below 10 ms. The dimensions of the air bridge
are 35 pm x 35 pm, not including the arms.

Gold black was deposited and patterned by the lift-off tech-
nique described in [12,13]. Gold source material (99.999%
purity) was thermally evaporated at 300 mTorr N, ambient.
The low mean-free path inside the vacuum chamber causes
gold atoms to collide and bind prior to landing on the thermo-
electrically cooled substrate (-13°C) [19]. The result is a pure
gold in nanostructures of 5-30 nm in dimension, which can be
modeled as an effective medium of gold and air. A photolitho-
graphic resist pattern of apertures was aligned to the bolometer
array. For sufficient uniformity and thickness, multiple depo-
sitions were required with sample rotation between each dep-
osition. The gold black was then encapsulated with 250 nm of
e-beam evaporated SiO, prior to lift-off in acetone. One wafer
containing hundreds of bolometers was fabricated and then
cleaved in two to allow just half of the devices to receive a gold
black coating. The uncoated bolometers served as references for
comparison.

For characterization of absorptance, SiO,-coated gold black
films were deposited onto gold-coated silicon substrates follow-
ing procedures described in [12]. Specular and diffuse reflec-
tance spectra were measured in a hemispherical directional
reflectance spectrometer (SOC-100 HDR) connected to a
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Fourier Transform Infrared Spectrometer (FTIR, Thermo
Scientific) using unpolarized light at incident angles of 7°,
15°, 30°, 45°, and 60°. Transmittance was zero due to the gold
film on the substrate, so that absorptance is unity minus the
measured reflectance.

Absorptance of individual bolometers was measured using
the imaging spectrometer at the University of Wisconsin,
Milwaukee (formerly at the Synchrotron Radiation Center)
[20]. A Bruker Vertex FTIR spectrometer equipped with a
Hyperion 3000 infrared microscope was used to image the sam-
ple with a standard globar source. A 128 x 128 pixel focal plane
array (FPA) detector was used to collect reflectance data over
the 900-3700 cm™' spectral range (2.7-11.1 pm) with a
4 cm™! spectral resolution. A gold mirror was used for reference
for the reflectance spectra. IRidys (infrared imaging and data
analysis) software was used to analyze the spectrum collected
by each pixel of the FPA. Absorptance was calculated as unity
minus the reflectance, as the transmittance is zero due to the
optically thick gold reflector under the pixel.

Infrared characterization of the effects of thermal processing
on gold black was performed by collecting reflectance spectra at
normal incidence from 3 to 15 pm wavelength. A Bomem DAS8
Fourier spectrometer with a globar source, KBr beam splitter,
and 77 K HgCdTe detector were used. The substrates for the
coatings used in these studies had a thick Au coating to ensure
zero transmittance, so that absorptance is one minus reflec-
tance. The reference spectrum for determining the reflectance
was measured on a gold mirror.

The gold bond pads of the microbolometers were wire
bonded to standard chip carriers using aluminum wire.
These chip carriers were placed in a vacuum box with electrical
feedthroughs. The window on the box was thallium bromo-
iodide (KRS-5) with ~70% transmittance from 0.6 to
40 pm wavelength. The box was pumped below 20 mTorr
to reduce thermal conduction and placed a distance » = 14
to 24 cm from a blackbody source (IR-301 Infrared Systems
Development Corporation) with area Agp = 26.4 cm?. A
blackbody temperature of 300°C was used to achieve output
voltages sufficiently above the noise floor without the use of
a read-out amplifier. An optical chopper modulated the irradi-
ance. The chopper surface facing the blackbody was highly re-
flective to avoid heating. The surface facing the detector was
painted with high-temperature flat black paint to reduce reflec-
tions and to give high emissivity. Bolometer and load resistances
were matched R; ~ R, and the circuit was biased with a low-
noise DC source. The modulation in V, due to the chopped
incident IR irradiance is the quantity 4V, [Eq. (1)], which
was synchronously amplified using a lock-in (Stanford
Research Systems 530) with a 30 ms time constant. The linear
dependence of 4V, on Vp predicted by Eq. (1) was main-
tained up to 3 V. Thus, to stay within the range where
Eq. (1) is valid, we kept Vp within the range of 1-3 V.
The chopping frequency was set between 15 and 160 Hz,
although most of the responsivity results reported here were
measured at a chopping frequency of 80 Hz to reduce the
1/f noise contribution.

To characterize the noise [21], the incident blackbody irra-
diance was blocked by a shield whose highly reflecting surface
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faced the blackbody, while carbon black was used on the surface
facing the bolometer to obtain high emissivity. The noise is the
output voltage variation measured using the lock-in amplifier
with a time constant of 30 ms, so that the measurement band-
width was 17 Hz.

The dependence of responsivity Ry on spectral bandwidth
was determined using a variety of optical filters. For these mea-
surements, detectors were biased at 3 V and chopped at 37 Hz.
A germanium long-pass filter with 90% transmission from 7.6
to 14.6 pm was used to select the LWIR range. For MWIR
characterization, a 3—5 pm optical filter with 90% transmission
was used.

4. RESULTS

Figures 2(a) and 2(b) present SEM images of bolometers with
and without gold black, respectively. The VO, film is slightly
inscribed within the pixel area, and it is protected on all sides by
SiO,. The NiCr arms come into contact with the VO, film on
cither side of the pixel, and they supported it above the sub-
strate. The slight warping observed for the pixels affects mainly
the Q of the Fabry—Perot resonant cavity formed by the air gap.
The gold black film is uniform across the pixel, although it
slopes down slightly around the edges. (The pixels shown in
Fig. 2 have residual polyimide at the elbow joints of the arms.
Such residues can also be seen with an optical microscope,
which was used to confirm that such were absent from the pix-
els considered in responsivity studies).

Figure 3 presents the specular and diffuse reflectance spectra R
for a gold black layer with 250 nm SiO, protection. No depend-
ence on angle of incidence appears until angles of about 45°.
Diffuse reflectance is <1% for the LWIR and is only ~1%
for the MWIR, indicating negligible scattering. The spectrally
averaged absorptance over the 8-12 pm LWIR wavelength band
is ~70% for the smaller incidence angles, with a peak at 9.4 pm of
93% due to the SiO,. The absorptance averaged over the 3—5 pm
MWIR wavelength band is ~86% for the smaller angles.

The lift-off process degrades the near-unity absorptance of
pure gold black [12]. Even with the SiO, overcoat, absorptance
has been shown to be near unity in both MWIR and LWIR,

(a)

Fig.2. VO, air-bridge bolometers (a) without and (b) with the gold
black coating.
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Fig.3. Specular and diffuse reflectance of SiO,-protected gold black

film on gold-coated silicon, at incidence angles of 7°, 15°, 30°, 45°,

and 60°.

but the solvent bath used to facilitate patterning lift-off causes
some collapse of the film, which results in a lower absorptance,
particularly at longer wavelengths [12]. It is possible that a
more complete encapsulation layer, either by a thicker or differ-
ent material, could reduce this effect, but such investigations
have yet to be done.

Figure 4 presents microscopic spatial maps of infrared spec-
tral absorptance measured directly on fabricated devices and
integrated over two standard wave bands, MWIR (3-5 pm)
and LWIR (8-11 pm). Device absorptance includes the
resonant absorption of Fabry—Perot cavity and of the SiO,
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Fig. 4. Spatial absorptance map for an individual bolometer.
(a),(b) The absorptance without gold black coating for MWIR and
LWIR, respectively. The corresponding absorptance with the gold
black coating is shown in images (c) and (d). The dashed line gives
the outline of the air bridge.
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in the air-bridge structure. All four images have the same
35 pmx 35 pm  field of view. The spatial sampling is
0.5 pm x 0.5 pm, so that the actual resolution is diffraction
limited at all wavelengths. The pixel outline is represented
by the black dashed line in images Figs. 4(a) and 4(c). The
absorptance of bare pixels varies by 40% across the pixel, with
the minimum at the center, where some points show almost
zero absorption. The uncoated pixel’s absorption is stronger
in the LWIR than in the MWIR, due to the engineered
Fabry—Perot resonance. However, the spatial uniformity is
quite poor, which we attribute to the distortions in the FP cav-
ity noted in Fig. 2. A gold black coating greatly increases the
absorption and its uniformity across the pixel in both bands.
There is a narrow region around the edges with weaker absorp-
tion, because the gold black is thinner there, as can be seen
in Fig. 2.

Figure 5 presents absorptance spectra obtained from spatial-
averages over the air-bridge area from the micro-FTIR imaging
spectroscopy. For the uncoated sample, the Fabry—Perot ab-
sorption peak appears just beyond 8 pm wavelength, and
the SiO, absorption peak appears just beyond 9 pm. The latter
is similar to the band observed for oxide-coated gold black
(Fig. 3). When the coating is added, the absorption increases
over the full 3-11 pm wavelength range of the measurement.
The maximum spatially averaged absorptance without gold
black is only 48% for LWIR and 32% for MWIR. The pres-
ence of residual polyimide under the air bridge is likely the
cause for these values to be significantly less than the 71% cal-
culated peak LWIR absorptance. The gold black coating
increases the average absorptance by 88% and 94% for the
LWIR and MWIR, respectively. The absorptance spectrum
of the coated bolometer is rather flat. The improvement is more
in the MWIR than in the LWIR, where the bare device absorp-
tion was initially strongest and where the protected gold black
absorption was weakest (Fig. 3).

For pure gold black, the index is ~1, so that the Fresnel
reflection at the gold-black—air interface is nearly zero
[22,23]. Separate transmission and reflection measurements
have also indicated that absorption is near unity for pure gold
black [22,23]. However, as indicated in Figs. 3 and 5, the ab-
sorption of patterned, SiO,-coated gold black is somewhat less.

1.0

' . With Gold Black
0.8 :

Absorptance

Without Gold Black

0.0 T T T
3 5 7 9 1

Wavelength (um)

Fig. 5. Absorptance spectra averaged over one bolometer with and
without gold black overcoat. The spike near 4.2 pm is an artifact due
to atmospheric CO,.
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Indeed, the hint of the Fabry—Perot resonance at 8 pm in the
gold black spectrum indicates that some small fraction of light
is indeed transmitting through the film. Absorptance for the
coated device (Fig. 5) exceeds that for the coating alone
(Fig. 3) because of contributions from the additional oxides
and the cavity.

Fabrication yield was determined based on optical inspec-
tion and measured resistance. The most common failure is
support-arm breakage, which results in an open circuit. Less
common are electrical shorts from patterning misalignments.
Inadequate or incomplete gold black coating occurs on fewer
than 5% of pixels. Of the good pixels, we randomly selected
and wire bonded 15 without the coating and 15 with the coat-
ing for testing. Detectors without gold black had an average
resistance of 233 % 17.5 kQ, while coated detectors had an
average resistance of 221 =£ 25 k€. Load resistor values were
selected in the range of 200-250 k€ to match the device under
test. The variation in the factor 4 in Eq. (1) due to imperfect
load matching was less than 0.2%, so that the observed varia-
tions in 'V, reported below are due to other factors.

Figure 6 presents measured voltage responsivity values
R, = d:;“‘ as a function of detector resistance. Chopping
frequency was 80 Hz and detector bias was 1 V. No optical
filter was used, so the incident spectral range was defined by
window transmittance to be 0.6-40 pm wavelength. The peak
of the 300°C blackbody temperature was in the MWIR. The
average responsivity for detectors without gold black was
753 £ 67 V/W, while the average responsivity for gold-
black-coated samples was 1110 &= 126 V/W. Thus, the coat-
ing improved the responsivity by 47%, which is much more
than the 9% and 11% statistical uncertainties for the R, values

E 16t " | m With Gold Black
< A Without Gold Black
2 14+ ] ]
= i
g 12+F ] | .
Q - - - - - = - - -8 - g- - -
§ 1.0 M S, . 1
2 08 . A‘as
(o)) O 2
g FT---° ‘A"AAA -----
(e] 1 ! | N A
> 6t )
2 1
o 4+ 1%* |
e
s L4 J. I
o, f gﬂ# ‘
> L3 ¥ 79
& i

220 240 260 280
Resistance (kQ)

0 1
180 200

Fig. 6. Measured voltage responsivity and noise voltage over a
range of detectors, displayed as a function of detector resistance.
Measurements are made at 80 Hz chopping frequency with 1 V ap-
plied bias and no optical filter. A 300°C blackbody temperature was
used. The noise measurements had a degree of uncertainty, which is
indicated by error bars. Uncertainty in responsivity was less than the
symbol size.
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Fig. 7. Measured noise voltage (symbols) as a function of frequency
for five devices with gold black compared with five uncoated device,
plotted as twice the noise voltage to show a full decade in the vertical
scale. The slope of the line in this scale is approximately -0.5.

within each group, respectively. TCR goes as log(R) [9], so that
the variation in R, should be small over the range of resistances
plotted in Fig. 6. In fact, no trend in R, is observed comparable
to the statistical variations. This justifies the averaging repre-
sented by the horizontal dashed lines in Fig. 6.

The measured noise is presented in the lower part of Fig. 6.
The values exceed the ~250 nV expected for Johnson noise by
a factor 10. While thermal fluctuation noise and photon noise
contribute very little to the total device noise, the magnitude of
1/f noise is less easy to predict. To investigate the frequency
dependence of the noise, five samples with gold black and five
without gold black were chosen at random from samples with
resistances in the range of Fig. 6. Figure 7 presents a plot of the
frequency dependence of the measured noise voltage. Here, the
noise voltage is doubled to show a full decade in the vertical
scale. Fits of Eq. (8) (integrated over the 17 Hz measurement
bandwidth) with k = % as the fitting parameter are plotted in
Fig. 7 and confirm the 1/ nature of the noise. The slope of
the fitted lines is approximately -0.5 on the log scale, indicating
the dependence on V of f~/2, as indicated in Eq. (8). The
difference between the two curves is clearly much less than
the statistical variation of the data, so that we conclude that
gold black causes no increase in the noise. Using the volume
of the VO, film, we find values for the normalized Hooge
parameter "7’1 ~1.5x 10722 cm®. Wood [18] reports a similar
value of %~ 1022 cm? for VO, films developed at
Honeywell, while Basantani ez al. [24] reports values in the
range of 10°7-1072% cm?, with larger values holding for high
resistivity VO, films.

Figure 8 presents R, for one pixel as a function of chopping
frequency from 10 to 150 Hz for detectors with and without
gold black. The applied bias was 1 V, and no optical filter was
used in this data. Values are excluded near 60 Hz due to high
noise. By fitting these data with the function in Eq. (3), the
parameters for R and 7y, were determined. This fic (solid
lines) shows that the DC responsivity increases from 4.13 to
6.24 kV/W by adding gold black, an increase of 519%,
while the thermal response time only increases by 15%, from
9.57 to 10.97 ms. Hence, a marginal decrease in device speed is
observed.
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Fig. 8. Measured voltage responsivity as a function of chopping fre-
quency. The solid lines are fits to Eq. (1). 1 V bias, 300°C blackbody
temperature.

The values determined from the fitting parameter R, allow
an estimate of the thermal conductance G from Eq. (4). The
TCR is assumed to be -2.0% /K based upon measurements of
witness samples, and the absorptance for bare and coated sam-
ples is taken as the average over the 3—11 pm wavelength range
from Fig. 5, namely, 0.54 and 0.85, respectively. We obtain
thermal conductance G values of 6.5x 107 WK™ and
6.8 x 1077 W K!, respectively, i.e., an increase of 4% caused
by the coating. The smallness of this increase emphasizes that
the main thermal conductance path is the arms, which are
unaffected by the coating.

The fitting parameter 7 and the just-determined value for G
allow an estimate of heat capacity C using Eq. (10). For bare
and coated bolometers we find C = 6.26x 10" and
7.47 x 1077 JK°!, respectively, i.e., the coating increases C
by 19%. The density of protected gold black after lift-off
was estimated to be 8% of bulk gold [16], so a 2 pm thick
layer of gold black with 250 nm SiO, should add 0.87 x
107 JK™! to the heat capacity, or a 14% increase, which is
in reasonable agreement with the value obtained from the
fit. Thus, the speed limitation of a device by the increase in
heat capacity is small.

Figure 9 presents the effect of restricting the spectral range
with an optical filter on the responsivity improvement achieved
with gold black coating. Without an optical filter, the band-
width incident on the detector was window limited to the range
of 0.6-40 pm wavelength, but there is effectively no irradiance
beyond about 15 pm, according to the 300°C blackbody curve
also plotted in Fig. 9. The responsivity improvement is smallest
for the LWIR band, where the uncoated bolometers already had
significant absorption due to the FP cavity and the oxide. The
improvement for the MWIR band is much larger and is com-
parable to that obtained over the full unfiltered band.
Responsivity improvements follow the absorptance improve-
ments for the same bands.

Gold black is vulnerable to thermal processing [22,23].
Commercial IR cameras require the detector array to be vac-
uum-sealed. Usual vacuum sealing processes heat the array
above 300°C [25,26], which is expected to degrade the absorp-
tion of gold black significantly. To verify, a sample coated in
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Fig. 9. Measured voltage responsivity as a function of IR band-
width, which is given by horizontal limits of each bar. The solid curve
is the calculated incident power spectrum based on the blackbody ra-
diance at 300°C. Upper percentage labels give the responsivity increase
due to the gold black coating, while the lower values in parentheses
give the absorptance increase for the same range. (The range for LWIR
responsivity is somewhat larger than for absorptance, which terminates
at 11 pm wavelength.) 3 V bias, 300°C blackbody, 37 Hz chopping
frequency.
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Fig. 10. Reflectance spectra of gold black after annealing at the
indicated temperatures for 10 min.

gold black with the evaporated SiO, overcoat protection layer
was broken into three pieces. One was kept as the reference.
The other two were heated on a hot plate for 10 min at
100°C and 300°C, respectively. Figure 10 presents the reflec-
tance spectra, which show that the heat treatment increases the
reflectance and hence degrades the absorption. The sample
heated to 300°C turned from black to dark red, and SEM
imaging shows that this gold black has collapsed and begun
to coalesce. The thermal degradation of gold black indicates
the need for new low-temperature methods of vacuum pack-
aging for arrays so coated. Research in low-temperature vacuum
sealing is ongoing [27,28].

5. DISCUSSION AND SUMMARY

The integration of patterned gold black with a microbolometer
has been presented. Experimental analysis demonstrates the
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potential for a dual band, wide-angle absorber for improving
the responsivity of room-temperature bolometer arrays. The gold
black creation, application, protection, and patterning processes
must be integrated into the device fabrication flow. Such coatings
cannot be applied after releasing the fragile air-bridge structures.

Responsivity improvements as high as ~75% were observed
for our devices averaged over both bands using the 300°C
blackbody as a test object. Most of the applications for
LWIR bolometers are for scenes closer to room temperature.
To estimate how our results would differ if we had used a
room-temperature blackbody, we note that responsivity is pro-
portional to the weighted spectral average of the device absorp-
tance, where the weighting function is the Planck function.
Using the bare-bolometer absorptance spectrum from Fig. 5,
we find that the difference in uncoated-bolometer responsivity
between room temperature and 300°C blackbody scenes is only
about 10% in any of the bands considered. The absorptance of
the coated device has a flat spectrum (Fig. 5), so that the effect
of scene temperature on responsivity of coated bolometers is
very small. Thus, the improvements due to the coating depend
only weakly on scene temperature.

Responsivity and Noise Equivalent Power of our devices
may fall short of what is already commercially available, but
absorptance is a key enabler for high responsivity, and the ap-
proach we report achieves absorptance that is competitive with
the state of the art [8]. Thus, our approach may suggest an
alternative approach to fabrication of high-performance
LWIR room-temperature bolometers with possible manufac-
turing advantages such as relaxed tolerances and lower cost.

Our coating increased the thermal time constant of our
bolometers by ~15%, but they remain sufficiently fast for stan-
dard 30 Hz video frame rates. A vacuum packaging method
that maintains array temperatures below 100°C would be
required to avoid degrading the gold black coatings. High
responsivity in both MWIR and LWIR simultaneously may
suggest new applications, such as multispectral imaging and
the possibility of increasing dynamic range for scenes that con-
tain both hot and room-temperature objects.
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