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ABSTRACT
Patterned highly absorbing gold black film has been selectively deposited on 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 gold black’s near unity absorption. This patterned gold black also survives the dry-
etch removal of the sacrificial polyimide used to fabricate the air-bridge bolometers. Infrared responsivity is
substantially improved by the gold black coating without significantly increasing noise. The increase in the time
constant caused by the additional mass of gold black is a modest 14%.
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1. INTRODUCTION

Infrared bolometers function by converting IR incident power into heat, which causes a measureable change in
resistance. Devices are typically optimized for mid-wave IR (MWIR, 3-5 pm wavelength) or long-wave IR (LWIR, 8-
12 um wavelength) by Fabry-Perot"? and other resonant structures,”” whose peak absorbance and bandwidth depend on
resonator Q and hence on fabrication tolerances. In contrast, gold black is a well-known absorber with very high
absorption over a broad spectral range,’ and which is easily deposited using an ordinary thermal evaporator. Thus, a
multiband sensor can be fabricated using a single material with minimal fabrication tolerances. On the other hand, gold
black is an extremely fragile material that until recently could not be effectively patterned for use on large-scale detector
arrays.

Gold black is a porous, nano-crystalline structured gold film, achieved by depositing gold in ~1 Torr of an inert gas. The
low mean free path inside the vacuum chamber causes gold atoms to collide and bind with each other prior to being
deposited on the substrate.” This very low density material is extremely fragile, which makes it difficult to integrate into
a micro-bolometer array, since usual fabrication processes destroy the film.

Some of us recently succeeded in patterning gold black using evaporated SiO, as a protection layer.*” Meanwhile,
Plasmonics, Inc. has developed high-performance room-temperature air-bridge bolometers based on VOy-Au thin
films.'"’ In this paper, we report successful integration of patterned gold black onto such a bolometer array, which
resulted in a substantial improvement in detector performance.

2. THEORY

Voltage responsivity R, is the change in measured voltage with incident power, given by
Vpan 1

= 1
Vo 4GeppJ1vw?e? M
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where Vj is the applied bias voltage, 17 the absorptivity, G4 the effective thermal conductance, w the modulation

frequency, T the thermal time constant, and a the Temperature Coefficient of Resistivity
(TCR), defined as

TCR=a=-% )
RdT

Responsivity, therefore, can be increased in only a few ways. An increase of bias voltage will also cause an undesired
increase in Johnson noise. Much work has been done already to increase the TCR of VO, which has reached a level of
~2-3%.% Thermal conductance in air-bridge bolometers can be decreased at the expense of thermal time constant and
mechanical stability. Increasing absorptivity based on various optical or plasmonic resonances can increase responsivity
without increasing noise or thermal time constant, in principle. We previously reported a VO air-bridge bolometer with
Fabry-Perot resonance absorption at LWIR wavelengths of 64%, ' as determined by numerical calculation. The
opportunity investigated in this paper is that a gold black coating can increase the absorptivity to 90%, giving a 40%
increase in responsivity.

3. EXPERIMENTAL DETAILS
For characterization of absorptance, protected gold black films were fabricated on gold-coated silicon substrates
following procedures described in Ref. [8]. Specular and diffuse reflectance spectra were measured in a Hemispherical
Directional Reflectance Spectrometer (HDR) with unpolarized light at incidence angles of 7°, 15°, 30°, 45° and 60°.
Measured transmission was confirmed to be zero due to the gold film on the silicon substrate.

Bolometer design and fabrication is described in Ref. [10]. Some changes to feature size and material thickness were
made to enhance performance, increase structural stability, and improve the production yield. A 2.5 um resonant cavity
enhances LWIR absorption, whose value was estimated by numerical electrodynamics calculation to be ~64%. The
vanadium oxide (VO,) active element was co-sputtered with gold to improve the TCR and encapsulated in SiO, to
protect it during etching. The structure is built upon a sacrificial polyimide pillar. Structural legs and electrical
connection for the air bridges are Nichrome (80/20).

Gold black is deposited and patterned by standard lift-off technique according to Refs. [8,9]. Gold source material is
thermally evaporated in a ~1 Torr N, ambient. The substrate with photolithographic resist pattern aligned to the
bolometer array is thermoelectrically cooled. Then, 250 nm of SiO, is deposited by electron beam evaporation. Lift-off
of the films is done by submerging the sample in acetone for 10 minutes without any agitation. Then the sacrificial
polyimide is removed in a Branson P3000 barrel asher using an isotropic oxygen plasma, during which temperatures
exceed 80°C. The SiO; layer successfully protects the gold black during this process. For testing purposes, one wafer
containing hundreds of detectors was fabricated. A quarter of these were processed without the gold black coating as the
baseline for comparison. Samples with and without gold black have very similar resistances and nearly identical VOj-
Au films. The detectors studied with and without gold black had resistance deviations less than 1%. Witness samples
indicate a TCR variation less than 5%.

To test the absorption of individual fabricated pixels, we used the imaging spectrometer at the University of Wisconsin
Milwaukee.'" A Brucker Vertex FT-IR spectrometer with Hyperion 3000IR microscope was used to image the sample
with a standard globar source. A Focal Plane Array (FPA) detector allowed for spectral imaging with better than 1pum
spatial sampling. The spectral resolution was 4 cm™ and the spectral range was 900-3700 cm™ (2.7-11.1 pm).

Free-standing bolometers are wire bonded to standard chip carriers using gold wire onto the gold bond pads on the
wafer. These chip carriers are then placed in a vacuum box with wired feedthroughs, which allows for individual pixels
to be measured externally while the box is evacuated. This box is pumped down to below 20 mTorr to limit thermal
conduction via air molecules and placed a distance » away from a blackbody source (IR-301 Infrared Systems
Development Corporation). An optical chopper located close to the blackbody modulates the signal. The detector is DC
biased from a low-noise power source. An impedance-matched resistor is placed in series with the detector, and the
detector is referenced with a lock-in amplifier and a spectrum analyzer. The signal on the detector is given by'?
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P(T) = AL(T) &4 Fyr (3)

where App is the area of the blackbody (26.4 cmz), Ay is the area of the detector, » is 18cm, 7 is the transmission of the
window of the detector housing, and Fis the form factor to convert a peak-to-peak signal to RMS values (g). The

window is a Thallium Bromo-Iodide window, which has a transmission of ~70% from 0.6-40 um. The radiance term AL
is determined by evaluating Planck’s Law in the wavelength range of the window,

2k4T fxl x3 hc

L=+_h3c2 dx ,x=%. (4)

X2 eX—1
Samples were tested at blackbody temperatures of 300°C, which correspond to incident powers of 44.43 nW in the 0.6-
40 pm window, or 9.89 nW in the 8-12 um bandwidth, according to Eqs. 3 and 4. Tests were run for ten samples
without the gold black coating first to establish a baseline. Eight devices with the gold black coating were tested for
comparison.

Bolometer signal was measured as a function of detector resistance with the chopping frequency at 80 Hz. The applied
bias was 1 V. The signal was measured on a spectrum analyzer and confirmed with a lock-in amplifier using an
integration time of 30 ms.

The detector noise was measured in a manner described in the ASTM standard for NETD measurements.”’ The incident
power from the blackbody source is blocked by a shield. This shield is highly reflecting on the side facing the blackbody
so as to not absorb heat, and it is highly emissive on the side facing the detector. The signal voltage is measured across
the detector using the lock-in amplifier with an integration time constant of 10 s, 1 s, 30 ms and 1 ms. The signal voltage
with the blackbody blocked is the noise.

To test for the effects of gold black on the thermal time constant of the detector, the signal is measured as a function of
chopping frequency f. According to Eq. 1, the responsivity of the device is functionally dependent upon the modulation
frequency of the incident power. In the derivations above, it was assumed that the chopping frequency is much slower
than the inverse of the thermal time constant, therefore it may be ignored. However, at high chopping frequency the
signal will fall off according to

1

x J1+@rf)2e2 (5)

4. RESULTS
Protected gold black has high absorption in the mid-wave IR and long-wave IR.® Figure 1 presents new the reflectance
spectra R for a gold black layer with 250 nm SiO, protection measured at a 7° angle of incidence. A minimum
reflectance of just under 7% occurs at 9.4 um wavelength. The diffuse reflectance is < 1 % in the LWIR and only ~ 1%
at MWIR wavelengths. Thus, the absorptance 1-R of the gold black film is 70% in the long-wave IR with a peak of 93%
at 9.4 pm, and it is 84% in the mid-wave IR with a peak of 94% at 3 pm.
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Figure 1. (left) HDR specular reflectance spectrum for gold black with 250 nm SiO, protection layer at 7° incident angle. (right)
Diffuse reflectance of gold black film shows very little scattering in the 8-12 um region.

Figure 2 presents scanning electron microscope images (SEM) of the air-bridge bolometers with and without gold black.
The 35 wm x 35 um square pixel elements appear rectangular because of the oblique view. The gold black appears as a
thick furry carpet, but because its density is only ~8% that of bulk gold, it adds little to the heat capacity of each element.

18kV X2,808 18mm

Figure 2. Bolometer pixels fabricated without (left) and with (right) gold black coating for comparison.

Fig. 3 presents a top-down SEM image of a linear bolometer array. There is slight misalignment of the gold black on the
square resistor elements, but not enough to cause thermal or electrical cross talk between pixels or short to the substrate.

Figure 3. ay of free-standin air bride bolometers paterned with gold black.
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Absorptance spectral imaging on individual pixels is presented in Figure 4 (left). Reflectance spectra extracted from the
central region in the spectral images of the bolometer are presented in Fig. 4 (right). The Fabry-Perot resonance is
apparent between 8 and 10 um wavelengths, where the maximum absorptance without gold black is only 64%, in very
good agreement with the numerical calculations. For pixels with gold black, the absorptance is ~90% across the
spectrum.
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Figure 4. (left) IR reflectance spectral image of reference (a,b) and gold black coated (c,d) pixels. Spectral integrations are over
MWIR (a,c) and LWIR (b,d) bands. Blue indicates the highest reflectance and red the lowest. (right) Infrared reflectance spectra R
extracted from a portion of the spectral image near the center of the bolometer element with and without gold black.

Measured signal as a function of detector resistance is presented in Figure 5 (left). The average signal voltage for the
reference samples is 40.6 pV, while the average signal voltage of the gold black samples is 58.1 pV, which represents an
increase of 43% from the reference samples. There is some variance in the signal from pixel to pixel, as well as an
inherent uncertainty in the measurement value of £2 pV, but the signal from gold black coated samples is clearly much
higher than for samples without gold black.
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Figure 5. (left) Signal and (right) noise with and without gold black.

Noise data presented in Figure 5 (left) show no statistically significant difference for bolometers with and without gold
black. The average noise for the reference samples is 2.12 uV, while the gold black samples have an average noise of
2.26 uV, a 7% difference, which is much less than the 40% uncertainty. A small increase in photon noise might be
expected due to larger absorption bandwidth for gold black samples,'* but these bolometers are not photon noise limited.
From Figs. 5, we find that gold black provides a 43% increase in the signal to noise ratio (SNR), and a corresponding
improvement in D*.

9451 -52 V. 6 (p.5 of 7) / Color: No / Format: Letter / Date: 3/24/2015 4:45:13 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

Figure 6 (left) presents signal voltage versus chopping frequency. At each frequency, the gold black sample has
approximately 40% more signal than the reference sample, as was seen in Fig. 5. A similar drop in signal with chopping
frequency is observed with and without gold black, indicating little effect of gold black on the thermal time constant.
The bolometers with and without gold black tested here had a resistances 242 and 240 kQ, respectively.
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Figure 6. (left) Signal voltage and (right) thermal time constant as a function of chopping frequency for bolometers with and without

gold black.

Calculated heat capacity of devices studied was 1.28 x 10 J K" and thermal conductivity was 5.83 x 107 W m™ K.
The density of the protected gold black after lift-off was estimated to be 8% of bulk gold, so 2 pm thick gold black with
250 nm of SiO, should add 0.866 x 10™ J K" to the heat capacity, giving a 68% increase. The thermal time constant is
the ratio of the heat capacity to the thermal conductivity, so that we predict T =2.17 and 3.69 ms for bolometers without
and with for the gold black. The relationship between signal and time constant Eq. 5 can be normalized as

1
Snorm = FrrGaror (6)

where S, = 1 represents the maximum signal when f7 << 1. This condition holds at 10 Hz. Solving Eq. 6 for the time
constant gives

% 521 -1
v = Do (7)

A plot of T as a function of chopping frequency is presented in Fig. 6 (right). The t values should be functions of
materials and geometry, independent of chopping frequency, but we observe some variation and the indication of a peak
at 50 Hz. Averaging over all frequencies gives a thermal time constant without gold black of 8.29 ms and with gold
black a value of 9.43 ms. The value without gold black is ~4x larger than the theoretical estimate, which may be
explained by a thinner than expected metallization at the elbow joints of the bridge arms. With the measured thermal
time constant of 8.29 ms and a heat capacity of 1.28 x 10 J K™', we find a thermal conductance of 1.54 x 107 W m™ K'
for the reference sample. This thermal conductance should be the same for the gold black sample, except that the
increase in T with gold black is much smaller than expected. These questions are still to be investigated.

Using measured time constants and the smaller thermal conductance just estimated, the signal voltage is calculated for
both the reference films and the gold black film. As the primary absorption band is between 8-12 um, incident power
only within this bandwidth is considered, which amounts to 9.89 nW. For the reference films, the absorption is taken to
be 44% (as measured above), and with gold black it is 86%. The vanadium oxide film produced for these detectors has a
TCR of -2.3%/°C. A 1V bias is also considered. The signal voltage for the reference detector is calculated to be 36.5
puV, compared to the measured average of 40.6 V. The gold black sample has a calculated signal voltage of 63.1 puV,
compared to the measured average of 58.1 pV. These values give voltage responsivities of 4.11 and 5.87 kV/W,
respectively.
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5. SUMMARY
We have successfully patterned oxide-hardened gold black on a vanadium oxide bolometer using standard lift-off
techniques. Measurements of these detectors show that the detector responsivity increases by 43% due to the increased
absorption. Noise is unchanged. The time constant increases by 14%. In addition to increased signal and detectivity
over a specific bandwidth, the addition of gold black absorbers negates the need for specific cavity spacing and increases
the detector bandwidth, allowing for both mid-wave IR and long-wave IR capabilities.
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