Air-bridge microbolometer for far-infrared detection
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A new microbolometer for far-infrared detection has been fabricated that allows an increase in
sensitivity of a factor of 4 over the best previously reported bolometer. By suspending the detector
in the air above its substrate a reduction in the thermal conductance out of the device by a factor of
5 has been achieved. At a modulation frequency of 100 kHz this microbolometer has an electrical
noise equivalent power of 2.8 X 10~ !" W(Hz)~'/2, A thermal model is also presented that

accurately fits the response of the detector.

PACS numbers: 07.62. + s, 42.80.Qy, 44.10. + i, 85.40.Ek

In the millimeter and submillimeter region of the spec-
trum the use of integrated antennas and detectors is being
applied more and more widely.'~> However, since the detec-
tors used are much smaller than a wavelength they often
require fairly sophisticated fabrication procedures. One rela-
tively simple detector that provides sensitive video detection
throughout this region is the bismuth microbolometer.* This
type of thermal detector achieves both high sensitivity and
speed because of its physically small size: typically four mi-
crometers square and one-tenth of a micrometer thick, fabri-
cated on a quartz substrate using conventional photolitho-
graphy and lift-off. In order to increase the sensitivity of the
microbolometer we have developed a technique which al-
lows the suspension of the device in the air above the sub-
strate. This removes the major thermal conduction pathway
out of the detector, providing a significant improvement in
performance. We call this new device an air-bridge microbo-
lometer.

The air-bridge bolometer is fabricated using a modified
photoresist bridge technique.>® In the usual process the
bridge is suspended above the substrate by another layer of
flood exposed resist. In order to make an air-bridge bolo-
meter three layers of resist are used, with only the middle
layer flood exposed. When the trilayer resist is contact print-
ed to form the bridge pattern an identical pattern is produced
in the bottom layer. A finished photoresist structure is
shown in Fig. 1. Electrical contacts for the microbolometer
are then formed by evaporating 100 nm of silver at normal
incidence to the substrate. Bismuth is then evaporated at a
50° angle from each side of the bridge. In this way 100 nm of
bismuth is deposited under the bridge, but supported above
the substrate by the bottom resist layer. After evaporation
the substrate is soaked in acetone for approximately one
hour, which dissolves all of the photoresist. Unwanted metal
on the top layer of resist is removed, and the bolometer is left
suspended by its ends above the substrate when the resist
below it dissolves away (Fig. 2). For comparison, standard
substrate-supported bolometers were also made by omitting
the bottom layer of resist.

The thermal properties of the air-bridge bolometer can
be modeled as a bar of material in which power is uniformly
dissipated, and whose ends are connected to perfect heat
sinks (the silver electrical contacts here). Calculating the
temperature rise in the bolometer is then a simple one-di-
mensional heat flow problem. The thermal diffusion equa-
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tion describing the complex temperature rise ¢ in the device
is
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where / is the length of the bolometer and 4 its cross-section-
al area; p is the bolometer material density, C its specific
heat, X its thermal conductivity, and P, the peak power dis-
sipated. This equation is solved subject to the boundary con-
dition that ¢ is zero at the ends of the device. The quantity of
practical interest is the temperature rise averaged over the
bolometer which is obtained by integrating the solution over
x. We can then interpret the ratio of the time-varying tem-
perature and time-varying power as a complex thermal im-
pedance Z,(w), which is

where L is the complex thermal diffusion length and
L = (K /iwpC)'?. The bolometer responsivity is given by
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FIG. 1. Trilevel resist pattern used to make the air-bridge bolometers.
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FIG. 2. Air-bridge bismuth microbolometer. The bolometer is 4 um long
from one silver connection to the other, 3.5 um wide, and 100 nm thick.
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FIG. 3. Responsivity vs frequency for the air-bridge and substrate support-
ed bolometers. The solid line for the air bridge is fitted from Eq. (2), for the
glass-supported device fitted using Ref. 4. Both had a dc resistance of about
100 £2, and were biased to 0.1 V.
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FIG. 4. Noise equivalent power for the detectors in Fig. 3. The noise was
measured with a PAR 124 lock-in.
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R = a|Z,|V,, where a is the temperature coefficient of resis-
tance for the bolometer material and ¥, the dc bias voltage
across the device. For low frequencies the thermal diffusion
length L is greater than the device length /, and Z, =1/
12K 4, independent of frequency. At high frequencies where
L is much smaller than / we find Z, = 1/iwpAIC. These are
just the limiting values for an equivalent thermal circuit con-
sisting of a resistance / /12K A in parallel with a thermal ca-
pacitance pA/C. This predicts a frequency response that
scales like 1/(/)%.

Figure 3 shows typical measured responsivities of both
air-bridge and substrate-supported bolometers of the same
size, along with fitted curves from Egq. (2). The dc value of the
responsivity is found by measuring the bolometer /-¥ curve,
and from this finding the resistance versus power curve for
the device. For the input powers of interest (less than 500
©W) the R—P curve is a straight line. The dc responsivity is
the product of the slope of this line and the bias point cur-
rent. The frequency response of the bolometer is then mea-
sured with an amplitude modulated 150-MHz source.’ Note
that by suspending the bolometer above the substrate, the
thermal impedance (inferred from the increase in responsi-
vity) has increased by a factor of 5 over the standard device.

For the air-bridge bolometer all the physical constants
and device dimensions in Eq. (2) are known, with the excep-
tion of the thermal conductivity of thin-film bismuth. Since
both the electrical and thermal properties of bismuth films
are strongly dependent on thickness and deposition condi-
tions”® K is treated as an adjustable parameter in the fitted
curve. It is directly obtained from the dc responsivity R,
which gives K=aV,l/12R, A. In the curve shown
a= —0003K LV, =01V,I1/4=11.5um™", and R,

=99 V/W, which gives a thermal conductivity of 2.9 W/
mK. This value is about three times lower than that of bulk
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bismuth, but twice the value for 100-nm-thick films given in
Ref. 8. The excellent agreement between the fitted curve
with this value of K and the measured responsivity at high
frequency indicates that the simple thermal model used is
valid for the air-bridge bolometer.

The noise spectra for these detectors have also been
measured. For both detectors the noise decreased like f ~'/2

from about 40 nV/y/Hz at 100 Hz to 2 nV/y/Hz at 100 kHz
{for a dc bias of 0.1 V across the devices). Above 100 kHz the
noise is limited by Johnson noise only. Using these noise
spectra and the responsivities from Fig. 3, the electrical noise
equivalent power (NEP) can be calculated, and is shown in
Fig. 4. The NEP below 50 kHz is limited by 1/f noise and
above 100 kHz by the roll-off in the bolometer responsivity.
Because of the reduced thermal conductance the air-bridge
bolometer’s NEP is over four times smaller than the sub-
strate-supported device. Since the thermal impedance for
these detectors is known, it is possible to calculate their ther-
mal fluctuation limited NEP, which is also shown in Fig. 4.
This is given by® [4kT > Re(1/Z,)]"/?, which at 300 K is
3.8 107 ' W(Hz)~ '/2 for the air bridge, and 8.6 X102
W(Hz)~"/? for the glass-supported detector. The measured
air-bridge NEP at 100 kHz is only a factor of 8 from its
fundamental limit, and a factor of 3.5 from the limit of a
comparable glass-supported device.

In conclusion, we have demonstrated a new air-insulat-
ed microbolometer which provides a significant improve-

ment in performance over standard glass-supported bolo-
meters. We have also found an accurate model for predicting
how the thermal response of this device varies with its phys-
ical dimensions. The dc response scales like / /4 and the roll-
off frequency like 1/{/)°. With our minimum lithographic
linewidth of 4 um we have a 3-dB frequency of 400 kHz; by
reducing linewidths to 1 zm this should increase to over 6
MHz with no decrease in dc response.
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Sequence band operation of a transversely excited nitrous oxide laser is reported for the first time.
The sequence laser could be tuned toeach F-R line from R (25)to R (14) and from P (14)to P(26)in
the 10.7-um band. Output energies were 10 £J—1 mJ. Improved stability of the discharge at high
specific energy loading and use of an intracavity hot cell made sequence band oscillation possible.

PACS numbers: 42.55.Hq, 42.60.By

Sequence band (00°2-10°1) operation of the cw N,O la-
ser was first reported’ in 1977, but to our knowledge, there
has been no previous report of a pulsed transversely excited
(TE) N,O laser operating on the sequence band. A major
impediment has been that transverse discharges containing
N,O are very susceptible to bright arc instabilities due to the
relatively large electron attachment rates of gas mixtures
containing N,O.? This problem is particularly severe at the
higher specific energy loadings required for sequence band
oscillation as compared with regular band operation.” In a
recent publication,* we have demonstrated that addition of a

* Permanent address: First Research Center, Japan Defense Agency, 2-2-1
Nakameguro, Meguro, Tokyo, 153 Japan.
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small percentage of H, to the N,O laser gas mixture effec-
tively nullifies the electron attachment process, and allows
stable discharges at high specific energy loadings to be ob-
tained. Combining this technology with the use of a conven-
tional intracavity hot cell® has enabled us to obtain‘sequence
band oscillation of the TE N,O laser. These results make
possible relatively high power laser radiation at the N,O se-
quence band set of wavelengths in the 10-um region.

The transverse discharge volume of our laser was
~2X 2% 100 cm® between solid copper electrodes which
had modified Rogowski profiles. Preionization of the dis-
charge region was provided by a sliding-spark board located
on one side of the electrodes, and fired ~ 2 us before the main
discharge. Discharge energy was delivered from a triggered
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