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Integrated Detector Arrays

for High Resolution Far-Infrared Imaging

Abstract

Imaging systems designed to operate in the millimeter
and submillimeter portion of the spectrum (often referred to
as the far-infrared) require the development of focal plane
detector arrays to simplify their construction. In this
study the general characteristics of an antenna array
intended to provide diffraction limited imaging are
discussed. Two line-imaging bow-tie antenna arrays utilizing
the hyperhemispherical substrate lens optical system and
operating at 1.22mm and 119%pm, are demonstrated. Two new far-
infrared detectors, the bismuth air-bridge microbolometer and
the bismuth-antimony microthermocouple, have been used with
these arrays. Thermal models and performance data for these
detectors are given. Finally, the photolithographic
processes used to fabricate the detectors and antennas are

discussed.
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Chapter 1

Par—-Infrared Sources and Detectors

In the last 10—15 years a great deal of effort has been
applied to the development of millimeter and submillimeter
receivers. Even today, the spectral region between roughly
100uym and 1mm has remained largely unexplored. The interest
in this region, however, is quite high. 1In fusion research,
the measurement of electron density, electron temperature,
and magnetic field is most easily made through the use of
submillimeter-waves [11]. For radar and surveillance,
millimeter-waves penetrate smoke and haze better than the
near-infrared, and, because of their shorter wavelength,
could pro§ide much higher resolution than conventional radar.
In astronomy., some very exciting discoveries have just been
made with the Infrared Astronomy Satellite (IRAS), which
makes its observations in the 10-100pum range [2].

Workers in the far-infrared (FIR) portion of the
spectrum have faced two serious problems: the lack of both
reasonably powerful sources of radiation, and a sensitive
means to detect them. The discovery of a far—-infrared laser
in 1964 by Crocker et al [3], followed by the development of
cw FIR lasers by Chang and Bridges in 1970 [4]1[5], has done
much to eliminate the first problem. Further work on these
CO,-pumped gas lasers [6] has led to a convenient, reliable,
and powerful source of radiation throughout the FIR: by 1976,

a review article listed laser activity in twenty-six polar
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gases, producing over 525 laser wavelengths, from 34.26um to
1.96534mm [7]. Several other types of sources are now
available [8], and research in this area is quite active.

The detection of millimeter and submillimeter-waves has
also proved to be a challenge. The extension of classical
microwave technology to these shorter wavelengths has been
quite useful, but above 300GHz the increasing loss and
mechanical complexity of metallic waveguide makes their
application difficult. For wavelengths longer than 100um,
photodetectors based on the quantized absorption of photons
are largely impractical, since the photon energies are so low
(12.4meV for a 100um photon). A hybrid technology using
ideas from both the optical and microwave ends of the
spectrum 1is appropriate in the FIR: a quasi-optical
collection system (i.e. lenses or mirrors) coupled to planar
antennas with integrated detectors [91[10]1[11]1[12]. The
planar antennas have proved to be quite different from their
low frequency counterparts [131[14][15]. The integrated
detectors are also fairly unusual, ranging from
superconducting tunnel junctions [16]1[17][18], to small area
planar Schottky diodes [101[19], to microbolometers [20].
Much research and development remains to be done on these
detectors, their antenna-coupling structures, and the
associated optical systems.

Almost all the work done thus far on planar antennas and
detectors has involved a single element. In many

applications, however, a complete image of an extended object
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would be desired. With a single focal plane detector this
can only be done by scanning the optical system. This
technique is well established in the FIR: Hollinger et al
[21] have developed a scanning system for 90GHz, and many
other systems have also been designed and implemented (for
example, ref. 22, 23, 24). Scanning systems, however, cannot
image rapidly moving objects or changing scenes since they
see only one point at a time. In plasma interferometry., for
example, the time evolution of the electron density on a
microsecond time scale is of interest, requiring that the
entire image be scanned at a 100kHz-1MHz rate. Integration
to improve signal-to-noise when scenes are static is also
often restricted, because the total time to form the image is
the product of the number of image points and the individual
integration time at each point. An attractive solution in
these cases would be an array of detectors and associated
antennas arranged so that scanning is either unnecessary or
considerably reduced. Such an antenna array would be placed
in the image plane of an optical system, acting as the
'film’ for a far-infrared camera.

A fairly limited amount of work has been done on imaging
arrays for millimeter and submillimeter use. Gillespie and
Phillips [25] proposed an array of feed horns to be placed in
the focal plane of a parabolic reflector, and discussed the
advantages of such a system for astronomical observations.
Y¥ngvesson et al [26] have discussed the possible aperture

efficiencies in prime-focus-fed paraboloids in conjunction
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with an array of various planar feed elements: twin-dipoles,
Vivaldis, and slots. Parrish et al [11] have made a resonant
twin-dipole antenna. and using a GaAs beamlead diode,
measured its pattern at 132GHz. They have also pfoposed the
use of such an antenna as an imaging array element.

The need for a high resolution imaging system operating
in the far—-infrared has been the driving force behind this
study. The general characteristics necessary for diffraction
limited imaging are discussed in the first section of
Chapter 2. Chapter 2 also describes a particular imaging
system using the hyperhemispherical substrate lens, which
takes advantage of the unique properties of dielectric-
supported antennas. The first successful demonstrations of
line-imaging systems, operating at 1.22mm and 119um, conclude
Chapter 2.

Chapter 3 is devoted to a discussion of a particularly
useful far-infrared detector, the bismuth microbolometer.
This is a thermal detector that can be easily integrated with
an antenna, providing sensitive video detection and
reasonably high speed. Two new variations on the basic
microbolometer have been developed: the air-bridge
microbolometer, which has substantially improved the
sensitivity of the bolometer; and the bismuth-antimony
microthermocouple, which allows the sensitivity of the
microbolometer to be maintained at low modulation
frequencies. Thermal models describing the operation of

these detectors are also given.
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Finally, Chapter 4 presents work on a particular
integrated-circuit fabrication technique: 1lift-off
patterning. This process is essential in the production of
these planar antennas and detectors. The special
lithographic preparation of patterns is discussed, including:
chlorobenzene-modified photoresist: back-side flood-exposure
technique for transparent substrates; plasma-formed
fluorocarbon layers on photoresist; &and multi-layer resist

structures.
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Chapter 2

High Resolution Imaging Antenna Arrays

The appropriate characteristics of an antenna array are
largely determined by the intended application. In
applications where the source is an extended object and only
low spatial resolution is required, maximum sensitivity is
attained with the use of multimode antennas and an optical
system which images large object areas onto each antenna [1].
For an n-element multimode antenha, the received power per
unit bandwidth is nkT, where T is the effective brightness
temperature of the object (fig. 1a). Since the n-element
antenna has only one pair c¢f terminals, it yields an output
signal that corresponds to the average effective temperature:
no information is obtained about the intensity variations
across the portion of the source imaged onto one antenna.

In many applications requiring imaging the entire system
must deliver nearly diffraction limited resolution. For
instance., Gordon et al [2] point out that for target
recognition using near-millimeter imaging systems the maximum
range is almost always limited by resolution. Here a
sacrifice of resolution due to limitations in the focal plane
detector array means loss of operating range. These systems
should no longer map large object areas onto a single
antenna; ideally they should map a single object point source

onto one antenna in the array (fig. 1b).



10

*furSvwy worjnjossx yfry I0] Lressodouw SBuUUI}IUB Spow
ayfurg (9) sfsvmy uww 9onpoxd 30U S90P g ‘90IN0OS POPUSIXS uUE WoIF Iamod

Jo junowme 981e] B 19900 0} Possn 9q UBS BUUSJURB IpowiI[awm y (B8) [ sxndiyg

Sn= =Yg

s10499}30 N AN =d




11
Sampling for Diffraction-Limited Imaging

In order to determine the appropriate sampling interval
for a high resoclution imaging antenna array we apply some of
the results of the Fourier analysis of optical systems. One
important characteristic of such systems is their behavior as
low pass filters; that is, no matter how high the spatial
frequency components of an object are. because of
diffraction, an image of the object contains only frequency
components less than some system cut-off frequency fo. This
is simply a statement of the fact that all imaging systems
have finite resolving power. Elementary sampling theory now
assures us that we can exactly reconstruct this bandwidth-
limited image if we satisfy the Nyquist criterion by

sampling at twice f,. In one dimension a reconstruction

algorithm is given by the Whittaker-Shannon sampling theorem

+©

g(x) =} g(z=) sinc[2,(x - =] 3%

= [ 8
n=-=-= N

where g(x) is the image (either the complex field, E, or the
intensity., I), g(n/2f,) are the sampled image points

separated by 1/(2f_), £, is the spatial cut-off frequency
o

o
appropriate for g(x), and sinc(x) = (sinax)/(xx) [3]. Note
that there is a simple relation between the cut-off frequency
for E(x) and I(x); if the optical system passed all spatial
Fourier components of the field E(x) up to a cut-off f,» then

since the intensity I(x) is given by the square of E, I(x)
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will contain frequency components up to 2f,. The Whittaker-
Shannon sampling theorem then tells us that if we measure E
at points separated by 1/(2f,) we can completely reconstruct
E(x), and from this obtain the image intensity by squaring.
However, if we measure the intensity directly, in order to
reconstruct I(x) we must sample at points separated by
1/(4£,), since the spectrum of I extends to 2f,. With video
detection, which yields only the intensity, we must sample
the image twice as often as with heterodyne detection, which
yields the complex field.

It remains to be seen what the value of the cut-off
frequency for fields is. To determine this consider the
generalized optical system in fig. 2. Here O is an object
point and O' the corresponding image point. The frequency
response is described by the coherent transfer function, and
for a diffraction limited system the cut-off frequency is in

the image plane
fy = (nysindy) /A (2)

where ny is the index of refraction of the medium in which
the image is formed, ©; is half the angle subtended by the
exit pupil, and A is the vacuum wavelength [4]. For objects
far from the entrance pupil of the system (in terms of focal
lengths) the image point approaches the focal point, and the

f-number of the optics is then related to 64 by [5]

£# = 1/(2sin8;) . (3)
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We can now £ind the proper sampling interval T for an antenna
array that allows exact reconstruction of a diffraction

limited image:

1 A Ao _
T, = = - = f (field detection) (4a)
E  2f, 2n,sine, n,
1 A Ao # . .
T, = = - = £ . (intensity detection) (4b)
I 4f, 4n,sine, 2n,

In terms of the radius of the first dark ring of the Airy

pattern, r these are

a’
Tp = ry/1.22 (field detection) (5a)
Tp = ry/2.44 . (intensity detection) (5b)
For &, = 30° (i.e. f/1 optics) the maximum antenna spacing
would be
Tp = A/ny (field detection) (6a)
Ty = &/(2n7) . (intensity detection) (6b)

Note that the highest possible resolution would be delivered
by an imaging system with 6, equal to 90°. In this case the

antenna elements should be spaced by

Tg = A/ (2ny) (field detection) (7a)

T A/ (4nq) . (intensity detection) (7b)

This case is representative of the fact that even for an
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infinitely large lens the image plane resolution is limited
by the evanescent-wave phenomenon to the order of a
dielect:ic wavelength [6].

One consequence of these sampling requirements in low f-
number systems is the small size (in terms of‘wavelengths) of
the elements in a planar array. This would preclude the use
of such antennas as the long V or tapered slot line
[71081[9], since their physical extent is usually five to ten
wavelengths.

We have found that it is possible to determine the
appropriate antenna spacing for an array that must deliver
diffraction limited performance, and that it depends on the
type of detection used. We should also consider the effect
of the type of illumination on the imaging system. That is,
when the object appears coherent (such as in an active system
where the illuminating beam is coherent, or in a passive
system viewing a coherent source) the system performance will
be different than when the object appears to be incoherent
(for example, a passive system viewing an object in its own
blackbody radiation) [10]. For coherent illumination the
results thus far., specifically eq. 2 and eq. 4, clearly apply
without modification. In terms of the required image plane
sampling interval, then, the remaining question is the
meaning of field (heterodyne) detection of an incoherent
source. For a totally incoherent (time and space) extended
object the time average of the image field, <EB(x)>, is zero,

but the time average of the magnitude squared gives the image
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intensity, I(x), which is not zero. In addition, because of
the presence of the optical system, the degree of spatial

coherence between points x4 and x5 in the image plane is

&
plx,, x,) = ¢ E(x,,t)E (x,,t) > (8)
VI(x,)I(x,)
~ 2J,(u0) 2nan,siné '
= et 'u==ﬁ=l—fm£h
u A

where h' is the distance between xy and x,, n; and ©4 are
defined as before, and A is the mean wavelength of the quasi-
monochromatic source (an incoherent source cannot be purely
monochromatic) [11]. Here p equal to zero would indicate
total incoherence between the two points, and equal to one
total coherence. In general there is partial coherence
between points in the image, even though the object was
totally incoherent.

Since (E(x,t)> is zero, the meaningful quantity is the

time averaged intensity distribution in the image plane,
I(x) = < I(x,t) > = < |E(x, )12 > . (9)

Using the Whittaker—-Shannon sampling theorem this is:

4o D
n n
I(x) = ¢ ) I(—,t)sinc[4f,(x - —)] >
— 4f0 ]
*e n n (intensity
= ) I(—)sinc[4f,(x - —) ] detection) (10a)
o 053 4f° 4 [

or with field detection:

+ @

n n
I =<1 ) E(;E-,t)sinc[Zfo(x - EE—)] 12 . (10b)

1] [
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Note that in order to use field detection to reconstruct an
image of an incoherent source the sampling theorem must be
used to interpolate before squaring and time averaging is
performed. since partial spatial coherence is present in the
image plane, and so from eqg. 8,

¢ 1E(xq.8) + E(x.8)12 > # < IE(x4,0)12 > +
< 1E(x,, 0212 > LD

For incoherent objects, then, the sampling interval must be
that appropriate for intensity detection, 1/(4£,), allowing
time averaging of each point followed by reconstruction of
the image, or if field detection is used while sampling at
1/(2£,), the interpolation must be done on an instantaneous
basis, followed by time averaging to obtain I(x). With this
warning, the appropriate sampling interval for an antenna
array delivering diffraction limited performance is given by
eq. 4, independent of the illumination.

These sampling restrictions are not an unfamiliar result
in imaging systems. A similar constraint applies in scanned
imaging systems that use a single detector. 1In these the
scanning mirror converts the image into a serial data stream:
there is now a correspondence between a particular image
point and time. If the data are then sampled at discrete
intervals (such as with an analog-to-digital converter) one
effectively samples the image at discrete points. In order
to maintain the spatial resolution the scanned distance

between samples should be no more than one-half the half-
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power beamwidth of the system [12]. This may be the pattern
of a receiving antenna or the Airy pattern of an optical
system. Since the half-power beamwidth of an Airy pattern is
quite close to its first null radius, this statement is
actually equivalent to eq. S5b. Failure to satisfy the
sampling requirements will result in loss of resolving power
and aliasing in the image reconstruction, often in the form
of Moiré patterns (spurious low frequency intensity

variations in the reconstruction). In order to avoid

[o))
o

aliasing errors., which cannot readily be remove Yy
processing, it is better to increase the system f-number to
match the actual sampling interval [13].

Having found the proper element spacing for an imaging
antenna array., we can also infer some of the needed
individual antenna element characteristics. First, in a
system designed to yield diffraction limited resolution, the
antennas in the array should be single mode. To see this, we
calculate the power per unit bandwidth available in a single
-diffraction limited spot of an image. Consider the optical
system in fig. 3, which forms an image of an extended body
with brightness B. The Rayleigh-Jeans law gives

B = 2kT/A2 (12)
for an effective temperature T. Thevtotal energy collected
by the lens is

E = Ba n1%/4 (13)
where 2, is the solid angle subtended by the object and 1 is

the diameter of the lens opening [14]. Since the so0lid angle
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objective lens

Figure 3: Image formed of a body whose effective brightness

temperature is To'
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subtended by the image is equal to that subtended by the

object the energy density in the image plane is

E nl*kT (14)
nodii Zdizlz

where d; is the image distance (see fig. 3). The energy
available in a single diffraction limited spot is just this
energy density multiplied by the area of the spot. The spot

size is given by the Airy pattern for the lens [151],

nlr
Jl(‘faf-i')
A(r) = [2 | (15)
nlg
Adj
The effective area of the spot is then
® 4diar’
2n[ Alo)irdr = =33 . (16)
0 w1l

Using egq. 14 and 16 the energy available to a detector
viewing a single diffraction limited spot is 2kT. For a
receiver responding to only one polarization this is reduced
by a factor of one-half: kT for each polarization. A single-
mode antenna can receive precisely this amount of power per
unit bandwidth [16]. We can now see there is no advantage in
using a multimode antenna for high resolution imaging. In
fact, since an n-detector multimode antenna has a noise
equivalent power (n)1/2 larger than a single-detector antenna
[1], a single mode antenna is actually more sensitive in

these systems.
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Another fairly fundamental requirement for an array
element is the match between the antenna beamwidth and the
optical system f-number. All of the preceding diffraction
limits have been stated in terms of ©;. the half-angle
subtended by the exit pupil (see fig. 2), and have assumed
uniform illumination of the exit pupil. This implies that
the antenna pattern should have 3dB points at approximately
©7. If the pattern is appreciably narrower than this, the
system resolution will be limited by the antenna beamwidth,
not the size of the exit pupil. 1In this case decreasing the
f-number of the optics will neither improve overall
resolution or collection efficiency. When the element
beamwidth is considerably larger than the optical system 64,
the spill-over will decrease the system efficiency; an
improvement in both resolution and efficiency would occur if
the f-number of the optics is decreased (remembering that the
antenna spacing must be close enough together to yield proper
sampling). .

For efficient collection of power in the image plane we
would also like the antenna array to cover the entire image.
Since the element spacing is T, if each antenna has an
effective area A g¢ of approximately (T)2, the array would
collect almost all the power in the image. Now the gain, g,
of a single mode antenna is [17]

g = 4n(ny) 2a_pe/n? . (17)
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Setting A g¢ equal to (T)2 and using T from eq. 4 we find

(field
gg = n/sin291 detection) (18a)
g1 = n/4sin291 . (intensity

detection) (18b)
An f/1 optical system giving efficient, diffraction limited
performance would then require an antenna array with the
following characteristics:
Tp= A/ny (field

detection)
element spacing:

Ty= A/2ny (intensity
detection)
element beamwidth (3dB to 3dB): 60°
g = 12 (field
detection)
element gain:
g=3 . (intensity
detection)

Modified Bow-Tie Antennas
The actual choice of an antenna for a far-infrared array
is strongly influenced by the techniques used to fabricate
it. Since the individual elements and their associated
detectors are quite small the use of integrated-circuit
processing techniques are usually required. This in turn
means the antennas must be planar structures, supported on a

dielectric substrate. The presence of the dielectric has
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been found to play a dominant role in the behavior of the
antenna. One very important effect is the tendency of
antennas on dielectrics to radiate much more power into the
dielectric than into the air, roughly in the ratio er3/2:1
{181[19]1[20][21]. By reciprocity this implies such antennas
will be more sensitive to radiation from the dielectric side
of the antenna.

Another effect that must be considered in these antennas
is surface wave losses. When the front and back faces of the
dielectric substrate are parallel the substrate acts like a
waveguide, and may cause significant loss due to coupling
between the antenna and guide modes [21]. This 1loss is
illustrated by fig. 4, which shows that the pow2r radiated by
the antenna at angles greater than the critical angle is
trapped by total internal reflection as a surface wave. By
making the substrate very thin most of the guide modes can be
cut-off. and surface wave losses reduced. The efficiency of
dipoles, microstrip dipoles, and slots on thin substrates has
been discussed by Alexopoulos et al [22].

It is also possible to avoid surface wave losses by
curving the back side of the substrate to prevent total
internal reflection. This is most easily done by placing on
the back side of the substrate a lens with the same
dielectric constant [18][23]. As shown in fig. 5, rays
leaving the antenna are now incident on the back surface at

near normal incidence. This approach also allows an image to

be focused through the substrate lens, taking advantage of
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~ Transmitting Antenna

| L Trapped Rays
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\
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Figure 4: Transmitting antenna on a dielectric substrate,

showing the rays that are trapped as surface waves.
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the antenna’s strong coupling to the dielectric.

The specific antenna used in the arrays in this study
was a modified bow-tie antenna [20]. Figure 6 shows two
elements of an array., along with typical dimensions. Such
antennas have a variety of attractive features. In a bow-tie
on a dielectric there is continuous radiation as a wave
propagates up the bow arm. Simulations of the array at 3GHz
on e.= 4 substrates indicate very little current propagates
as far as two dielectric wavelengths up the bow. This makes
it convenient to extend the bow arms to form low frequency
leads, with automatic isolation between low and high
frequencies.

Microwave simulations have also shown the bow-tie is
non-resonant, with an impedance of about 1508 resistive for a
60° bow angle on e,= 4 substrates [20]. Figure 7 shows a
typical impedance measurement set up for a bow-tie. The
measurements are made by first cutting adhesive-backed copper
foil to form one bow arm. This is applied to a dielectric
substrate with the tip of the bow at the bottom edge of the
substrate. The block is placed on a ground plane through
which the pin of a SMA connector protrudes. The pin is
soldered to the tip of the bow, serving as the microwave
feed. The assembly is attached to a HP 8743B Reflection-
Transmission Test Unit, and the impedance measured with a
HP 8410A Network Analyzer. The impedance was found to be a

very weak function of frequency for an octave frequency

sweep, 2-4GHz. The impedance has also been measured at 94GHz
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Figure 6: Bow tie antenna design for g, = 4 substrates; Ag is

the wavelength in the dielectric.
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Figure 7: Set up used to measure impedances of bow tie

antennas in g microwave simulation.



29

(see chapter 3), and was consistent with the 3GHz model.

Hyperhemispherical Substrate Lens

As mentioned earlier, the use of a lens on the back side
of the antenna substrate both prevents surface wave losses
and allows the radiation to be focused onto the antennas from
their high gain side. One particularly useful configuration
for this lens is the hyperhemisphere. This particular lens
is aplanatic; that is, if all the rays in an optical system
are being focused to a point, the hyperhemispherical lens can
be added to the system, and all the rays will still be
brought to a single focused point [24]. This type of lens
has been used in oil-immersion microscope objectives, and
also as an immersion lens to increase the sensitivity of
infrared detectors [25].

To see how a hyperhemispherical lens works, consider
fig. 8. Here an optical system is bringing a wave to a focus
at the point P,. A single spherical lens of radius R and
index of refraction n;y is then inserted into the system, with
its center O located a distance niR/n, from the point P,. We
need to find where the rays converging towards P, now go.
For the ray indicated, the angle of incidence at the lens is

éo' and the angle of refraction is é;, so by Snell’'s law

n,sinédy = nysinéd; . (19)
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Figure 8: Geometric comstruction of an aplanatie
hyperhemispherical lens; the wave was originally
converging towards the point Po' and after

refraction converges toward Pl'
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Now the law of sines gives

siné, sing,
= (20)
op oQ

]

but we chose OP = nj;R/n, and 0Q is just the lens radius R.
Equation 20 then becomes

n,sindéy = nysin6, . (21)
Combining egs. 19 and 21 we find

61 = 90 (22)
and this requires

éo = 91 @ (23)
The triangles QP;0 and P,Q0 are therefore similar, which
implies

OP;/0@ = 0Q/OP, . (24)
Substituting the values for 0Q and OP, we finally find

OPl = noR/nl ® (25)
Since the argument used is true for any angle ¢, this implies
all rayé that are converging towards the point P, will, after

ntinue to converge towards the

(o]

refraction by the lens, ¢
single point Py. This lens is therefore an aplanatic surface
for the two points. The lens is actually aplanatic for the
entire surface located nyR/n, from the center of the lens,
bringing the rays to a focus on the surface nyR/n; from the
center.

Figures 9 and 10 show how the hyperhemispherical
substrate lens is used in an optical system. The lens is
made so that, when combined with the antenna substrate, the

antennas lie in a plane R/n; from the center of the lens. In
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fig. 9 rays parallel to the optical axis are shown being
focused by the substrate lens-objective lens system. Recall
that all our earlier sampling criteria were written in terms
of half the angle subtended by the exit pupil of the optical
system; fig. 9 shows that this angle is given by 64. We can
also write the sampling criteria for objects many focal
lengths from the objective lens in terms of the system f-

number, which is from egq. 3

1/2sin8; . . (26)

= 1/2sin8y . 27)
Using egs. 19, 22, and 23 we find that

sin®y/sin6y = ng (28)
so for this optical system

£, = £*

o
For our system, then, the two lens combination has an
f-number that is a factor of ny., the substrate index of
refraction, smaller than the objective lens alone.

Another property of the hyperhemisphere is the reduction
of image size, as illustrated by fig. 10. The relation

between the size of the virtual image h,, and the real image

h:

; is most easily found by considering the ray which passes

through the center of the substrate lens. This ray defines
two similar triangles:; the heights are h; and h,,. with bases
R/n; and n4R, respectively. Since the triangles are similar,
the height h; must be hV/(nl)Z. Thus the image formed by a

substrate lens-objective lens combination is a factor of
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(nl)2 smaller than the image formed by the objective lens

alone.

1.22mm Antenna Array
Several different arrays have been made that utilize the
substrate lens coupling scheme and modified bow-tie antenna.
The first of these was designed to operate at a wavelength of
1.22mm (a laser line of C13H3F). For wavelengths longer than
0.5mm the absorption loss in high purity fused silica is

acceptable (2dB/cm at 0.5mm); in fact, at 1lmm the loss

'_l
()]

fairly small, about 0.5dB/cm [26]. Because of this, the
1.22mm array was constructed on fused quartz, with a
dielectric constant of 3.83 [27].

Extensive microwave modeling of bow-tie arrays on e .= 4
substrates has been performed [20]:; these results were used
as a guide in designing the 1.22mm array. Antenna pattern
measurements indicated a beamwidth of about 60° (8;= 309, so
from eg. 3 the optical system f-number should be about f/1.
Using the index of refraction for quartz (1.96) and intensity
detection, the proper sampling interval (eq. 4b) is then
312pm; the actual array has bow-ties on 310um centers.
Figure 6 shows the design used, and fig. 11 shows a
photomicrograph of an array.

The array is fabricated using conventional contact
photolithography and 1ift-off [chapter 4]. The substrate

material is either Heraeus-Amersil T22 Suprasil-W1l or Ti2

Optosil-1, 1/16in thick. The antennas are evaporated silver,
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—— 100 microns

Y
S

Figure 11: Photomicrograph of a bow tie array designed for

e, = 4 substrates, f/1 optics, and A = 1.22mm.
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Figure 12: 1.22mm bow tie array mounted im a chip carrier;

the sensing line is 15mm long.
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75-100nm thick, with bismuth microbolometer or bismuth-
antimony microthermocouple detectors [chapter 3]. The 60°
bow angle gives an antenna impedance of 1508 which is nearly
matched by a typical bolometer resistance of 100-2008. The
antenna array chip is mounted on a high density chip carrier
and wire bonds are used to complete the low frequency
connections (fig. 12). Typically between sixteen and thirty-
two antennas are electrically connected, giving a sensing
line in the image plane of 5mm to 10mm.

The optical system used is shown in fig. 13. The
objective lens was made of a methylpentene polymer, poly 4-
methyl pentene-1, usually referred to as TPX, a trade name
for the material made by Imperial Chemical Industries. At 10
wavenumbers (i.e. 1mm wavelength) the absorption coefficient
is approximately 0.08/cm (0.34dB/cm) [28]. The lens is a
hyperbolic aspheric, corrected for spherical aberration, with
a focal length of 70mm and diameter of 50mm (£/1.4). By
equation 29 this gives a system f-number of £/0.7. The
substrate lens was made from Dynasil UV 1000 fused silica and
has a radius of 6.62mm: the total thickness of the substrate
lens-antenna chip is 10mm, in accordance with the design
rules for the aplanatic hyperhemisphere (eqg. 25). The
substrate lens-chip is mounted on an x-y-z translation stack.
allowing alignment and focusing of the system. The source
for these experiments was a CO,-pumped methyl-fluoride gas
laser. The CO, pump laser was grating tuned to the 9P32

line, with an output power of 30-50W. The methyl-fluoride
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Figure 13: (a) Complete imaging system used at 1.22mm; the
TPX objective lens is on the left. (b) Close-up of

the substrate lens and chip carrier.
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lased at 1.22mm, providing 1-3mW of output power.

A variety of tests have been used to examine the system
performance. As a routine part of the alignment procedure
the system spot response is measured. This is most easily
done by first translating the substrate lens and array
relative to the objective lens until a maximum signal is
- obtained from a single antenna. The entire optical system is
then rotated about the objective lens while the signal from
the antenna is monitored (fig. 14). Ideally the pattern
obtained would be an Airy spot of angular size appropriate to
the entrance pupil [29]:
klsin® )

27, ( 2
- 2 ] (30)

klsiné
2

1) = [

where 1 is the diameter of the objective lens, © is the angle
between the optical axis and the incoming plane—ﬁave, and
kK = 2a/Ax. Figure 15 shows a typical measured spot response
in both the E- and H-plane of the antenna (E-plane
corresponds to a rotation axis parallel to the imaging line,
and H-plane perpendicular to it). Also shown is the Airy
pattern for the 50mm diameter objective lens. Since the
sidelobe levels are quite sensitive to alignment., an
iterative procedure that decreases the sidelobes while
maintaining the peak signal is a convenient way to properly
align the two lenses in the optical system.

The angular field of view of this system has also been

measured. Using the same rotaticn technique (fig. 14) used
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H-Plane
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E-Plane

08+ \ -—- Measured
?
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\ Airy Pattern

Normalized Detected Power

Angle, degrees

Figure 15: Spot response for the 1.22mm system. The Airy

pattern is for a 50mm diameter emtrance pupil.
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for the spot response it is possible to shift the focused
spot from one antenna to the next. Figure 16 shows the
angular separation between the antennas. The relative
strength of the signal from each antenna at its peak angle
is also shown (this curve is not normalized for variations
in detector responsivity, but this normally does not exceed
10%). The field of view is roughly eight degrees (and eight
antennas). Because of the finite size of the substrate
lens, rays that enter the objective lens at angles greater
than 5% to the optical axis actually miss the substrate
lens. The observed field of view is thus limited by the
relatively small substrate lens used.

Another test to determine the resolving power of the
array has also been performed. The experiment is essentially
an attempt to resolve two spots separated by slightly more
than the Rayleigh distance; in this case two 9.5mm holes
28.6mm apart drilled in a copper plate and illuminated from
behind with the 1.22mm laser. The Rayleigh criterion for

resolution of two incoherent point sources is
86 = (1.22)a/1 (31)

where 86 is the minimum angular separation of the two point
sources, and 1 and A are defined as before [30]; for this
system 86 = 1.7° In the experiment the 'pinholes’ were 81icm
from the objective lens, which gives an angular separation of
29, about 20% larger than the Rayleigh criterion. One key

feature, however, is the fact that the two holes are
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Figure 16: Angular field of view of the 1.22mm system.
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coherently illuminated. The image formed will depend
strongly on the relative phase difference between the two
spots. It was possible in the test to vary this phase
difference by placing a stack of fused quartz cover slips
over one hole. For a stack thickness t the phase difference

between the two holes is
§ = 2xt(n - 1)/ (32)

where n is the index of the quartz. Three different cases
were tested: in phase (no cover slips); phase quadrature
(6 = n/2, t = 0.318mm); and phase opposition (& = =,
t = 0.635mm). Figure 17 shows the results o: these
measurements. Note that when the points are in phase
quadrature the expected image will be identical to that
produced by two incoherent spots [31], and since they are
separated by more than the Rayleigh distance, should be
clearly resolved. The sampled image produced by the antenna
array., after reconstruction by sinc interpolation (eqg. 1),
yields an image in which the two spots are easily resolved.
It is clear the array is capable of delivering nearly
diffraction limited performance.

The approximate coupling efficiency of the optical
system—-antenna combination has also been determined. It is
possible to independently measure the intrinsic responsivity
of a bismuth microbolometer [chapter 3]. For a far-infrared
measurement the system was aligned and focused on the laser

to yield the maximum signal from a single antenna, and the
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magnitude of the signal recorded. By dividing this voltage
by the detector responsivity we have a measure of the power
coupled into it. The total power from the laser was then
measured with a Scientech 3620 power meter. We found that
about 25% of this power is coupled into a single antenna.,
with an additional 10% into each of its neighbors. Since the
bow-tie is quite broadband., this array can also be used at
shorter wavelengths. An efficiency measurement at 49%96um
(using an off-axis parabolic reflector as the objective lens)

gave about 10% coupling into the center antenna.

11%pm Antenna Array

It is not practical to use fused gquartz as a substrate
material for wavelengths much shorter than 500um. The
absorption loss at 100 wavenumbers (i.e. 100pm waveléngth) is
quite large, with an absorption coefficient of about 16/cm
(69dB/cm) [32]. From the point of view of absorption loss,
silicon becomes an attractive material, with a loss of about
2dB/cm [32]. Silicon does, however, have a much higher index
of refraction, 3.41, and this has a considerable effect on
the antenna array [21]. Microwave modeling was once again
used on e, = 12 substrates to determine some of the
characteristics of the array design in fig. 18. The antenna
patterns were somewhat narrower than those on e, = 4
substrates, with an E-plane 3dB beamwidth of about 40°, and
H-plane beamwidth of 50° [33]. The impedance for a 60° bow

angle is now 802 [20].
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Figure 18: Bow tie antenna array design for e, = 12

substrates, f/1.4 optics, and A = 119%pum.



49

Figure 19 shows the array fabricated for use in an
imaging system operating at 119um (a very strong laser line
of CH3OH). The sampling interval in this array is 25um: from
eq. 4b this is matched to a system f-number of £/1.4 for a
silicon substrate with n = 3.41. The antennas and detectors
are fabricated with the same techniques used for the 1.22mm
array. There are thirty antennas in the array., which is wire
bonded into a commercial chip carrier and mounted in a dual-
in-line package (fig. 20).

The optical system used is quite similar to that used at
1.22mm, except the substrate lens is now made of silicon,
with a radius of 3.88mm. The total thickness of the
substrate lens-antenna chip is 5mm, again in accordance with
hyperhemispherical design rules (eqg. 25). The objective lens
is still TPX, with a focal length of 65mm and diameter 50mm.
The entrance pupil in this system, however, is not limited by
the diameter of the objective lens. The substrate lens is
actually not a complete hyperhemisphere, but had a maximum
diameter of 7.6mm, which limited the value of 67 in fig. 9 to
739 (giving a system f-number of £/0.5). From egs. 26 and 29
this gives an effective objective lens f-number of £/1.8, or
an effective entrance pupil of 36mm.

The spot response for the 119pm system was measured in
exactly the same way as it was for the 1.22mm array, and
typical results are shown in fig. 21. Note the patterns are
considerably narrower than the 1.22mm spot since the

wavelength is now much shorter. For comparison, two
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Figure 21: Angular spot response for the 11%um system.
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different Airy patterns are also shown in fig. 21. One is
found using eq. 30 and a value for 1 of 36mm, the substrate
lens-limited entrance pupil. The other pattern is determined
by assuming the antenna pattern limits €; to a value of 40°
(instead of the 73° angle from the substrate lens). This
gives, from egs. 26 and 29, an entrance pupil of 24mm. These
comparisons indicate the entrance pupil of this system is
probaply limited by the antenna beamwidth, which is
consistent with the microwave modeling results.

Figure 22 shows the anqular field of view for this array
and optical system. The full field of view is approximately
five degrees, with an angular separation between adjacent
antennas of 0.24°, As in the 1.22mm system the field is
limited by the small substrate lens used, but in this case
the effect is not caused by rays completely missing the lens.
Figure 23 illustrates the problem. Shown are the results of
a ray-tracing program for rays that are incident at a small
angle to the optical axis (as in fig. 14). Because of the
small radius of curvature and high index of refraction of the
substrate lens rays are incident in the antenna plane at
fairly large angles; for example, the main ray incident at
2.5° will be incident in the antenna plane at 26°. This in
turn means the response measured from the antenna will be
small due to its lower gain at these angles. By increa;ing
the radius of the substrate lens the antenna plane angles
decrease, and the field of view should increase. Figure 24

compares the antenna angles for the 3.88mm radius lens and a
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Figure 23: Ray tracimg results for the 11%um optical system.
The rays are incident from the left at eitherx 1° o
2°; their paths when they reach the antenna plane

are indicated on the right.
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émm radius lens; the angles ére reduced by about a factor of
two, so with such a lens the field of view should roughly
double.

At 25pm., the sampling interval of this array is designed
to match a system f-number of £/1.4 (and therefore an
objective lens £/5.1 by eq. 29). 1In fact, the system used
here had an f-number of £/0.5 assuming the substrate lens
limited the entrance pupil, or £/0.8 taking an antenna
beamwidth-limited 84= 40°, In terms of image reconstruction,
then, the resolution of the system is actually limited by
sampling, not by either the small substrate lens or antenna
beamwidth. A sampling interval of 9%um would actually be
required to obtain diffraction limited performance for a
£/0.5 system. We can find the effective cut-off frequency fo
by inverting egq. 4b (assuming video detection) and

substituting our sampling interval, 2S5um,

~
A\ 54

£, = 1/4T7 = 10(mm)~% . (33)

Using the cut-off frequency given by eq. 2 with 6;= 739
(substrate lens limited) we find f = 27(mm)~Y, or with an
angle 6= 40° (antenna limited), £o= 18(mm)~ 1. Thus, the
resolving power of the system is two to three times lower
because of the undersampling. Figure 25 shows an image made
with this array and optical system. The object was a bar
target with 6émm period, 50cm from the objective lens,
illuminated coherently with the 119um laser. For this object

and object distance the fundamental spatial frequency of the
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image of the target is 13 (mm) 1, slightly higher than the
sampling cut-off frequency, but well within the passband of
the optical system, whether limited by either the substrate
lens or antenna beamwidth. The object was resolved, but the
number of samples is just barely adequate for image
reconstruction. This demonstrates that when a focal-plane
imaging antenna array is operated in a low f-number optical
system the overall resolution can be severely limited if the
sampling interval of the array is too large.

The efficiency for this system has also been measured,
using the same techniques used for the 1.22mm array. The
system response at 11%um was found to be about 60 times
smaller than the intrinsic detector response. This indicates
the optical system—-antenna losses were about 18dB. These
losses can be accounted for. The TPX used in the objective
lens has a measured absorption loss of 4dB/cm. The path
length for this lens was 2cm, so 8dB is lost here. The
silicon gubstrate lens is also fairly lossy. For its 5mm
path length, using an absorption coefficient of 2dB/cm from
Randall and Rawcliffe [32], roughly 1dB is absorbed by the
lens. In addition, because of the large index of refraction,
another 1.5dB should be reflected off the lens. An attempt
to directly measure the power transmitted through the silicon
lens was also madeﬁ the signal from a 5mm x 5mm pyroelectric
detector was recorded with and without the substrate lens in
front of it. This indicated a 5.4dB loss. Assuming an

intermediate value for the substrate lens loss of 3dB, the
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remaining system loss is 7dB. This would imply about a 20%
coupling efficiency into a single antenna. The main source
of loss is clearly the TPX objective lens; the use of

reflecting optics should correct this.
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Chapter 3

Microbolometers for Far—-Infrared Detection

A microbolometer differs from more conventional thermal
detectors because of its physically small size: typically
four micrometers square and 100 nm thick. A small device
like this has a large thermal impedance, so by using an
antenna to couple far-infrared radiation into it large
temperature rises can be achieved (fig. 1). This in turn
means the microbolometer will have a large responsivity. 1In
addition, since the thermal mass is also small, the detector
can be quite fast. Two basic types of bolometers have been
made: the air-bridge microbolometer (fig. 2a) [1], and the
more conventional substrate-supported bolometer (Fig. 2b)
[2]. A variation that takes advantage of the same thermal
properties, but avoids the necessity of biasing, is the

bismuth-antimony microthermocouple [31].

Thermal Models

The first microbolometers were substrate-supported
devices. In these bolometers the conduction of heat out of
the detector into both the substrate and the metal antenna
structure are important. An exact solution to the thermal
diffusion equation is quite difficult since several
interrelated conduction pathways are available. The most
obvious path is directly into the substrate material.

Another important source of heat loss is direct conduction
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Figure 2:

Cross—sectional view of an (a) air-bridge and

(b) substrate-supported microbolometer.
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into the antenna, which is usually a metal with high
electrical conductivity, and therefore very high thermal
conductivity. Less obvious, but probably important for small
detectors with large antennas., is conduction from the
bolometer into the substrate, and from there back into the
metal antenna. Finally, if the thermal conductivity of the
bolometer material itself is small, this may contribute
significantly to heat retention in the bolometer.

The original work by Hwang et al [2] used a considerably
simplified but physically helpful thermal model, which we
follow here. In order to calculate the conductance into the
substrate the presence of the metal antenna is ignored. The
contact between bolometer and substrate is taken to be a
hemisphere of radius a, which is at a temperature éoeiwt.
The thermal diffusion equation giving the temperature of the

substrate is then

1 8 2d paC
— —(r*—F) = 28,4, (1)
r® dr  or Kg

which is solved subject to the boundary condition that bg= b4
for r = a. Here Ky is the substrate thermal conductivity, Pg

its density. and Cg its specific heat. The solution is
by = b5(al/r)expl-(r - a)/Lgl (2)

where Lg is the complex thermal diffusion length for the

substrate, Ly = (Ks/impscs)llz. The total substrate
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conductance is given by

Kg
Gglw) = =2 l Vé - ds (3)
éo ontact
which is here
Gs(w) = 2nKsa(1 + a/LS) . (4)

The total conductance G is taken to be this substrate
conductance plus a frequency independent contribution from

the metal antenna, G The thermal impedance for the device

ml
is then

Zt(m) = [Gm + Gs(m) + imthprb]—l (5)

where t is the bolometer thickness, w its width, and 2 its
length; pp is the bolometer material density, and Cp its
specific heat. Finally, the responsivity R of the detector
is given by

R = alztlvb (6)

where a is the temperature coefficient of resistance of the
bolometer material. and Vp is the dc bias voltage across the

device. From eq. 5 we find

spsCsw)1/2a2 ]2

(2K

Izl = { [ Gg + n(2K + [ twippCpo +

Spscsw)llzaz ]2 }—1/2 (7)
where Gdc is the total dc conductance out of the bolometer,
due to both the substrate and metal contacts.

Hwang et al [2] have also discussed the frequency
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response of this type of microbolometer. For low frequencies
when Lg >> a (i.e. £ << KS/ZnaszCs ), the thermal impedance
is independent of freguency, and is given by 1/Gg.- At
higher frequencies when Ly << a the impedance varies like Lg,
that is £71/2, At still higher frequencies the thermal
capacitance of the bolometer itself becomes important, and
L= £"1. Note also that both the low frequency response and
the speed of the detector increase as the device size
decreases. In contrast, as the substrate thermal
conductivity decreases the low fregquency response increases,
but the speed would be expected to decrease.

A microbolometer’'s performance can be improved by
increasing its thermal impedance. The air-bridge bolometer
does this by suspending the device in the air above the
substrate. The only cénduction path is now out the ends of
the detector into the metal antenna. We can model this
bolometer in a particularly simple manner: a uniform bar of
material in which power is dissipated uniformly, and whose
ends are attached to perfect heat sinks (the metal of the
antenna). The thermal diffusion equation describing the

temperature rise é in the device is

3*6  pnCh 086 P :
s = 2R T2 _fo (g 4 luEy (8)
X Kb ot ZtWQ,Kb

where py, Cp, t, w, and ! are defined as before, Ky is the
bolometer material thermal conductivity, and P, is the peak
power dissipated in the bolometer. This equation is solved

subject to the boundary condition that é is zero at the ends
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of the detector. The solution is integrated over x to obtain

the average temperature rise in the device

P L -
o> = —2— 1+ 24(=2)"(E - tanh2m)e™t ] (9
24twKp L 2Ly 2Lp

where Ly is the thermal diffusion length in the bolometer
material, Ly = (Kb/iwprb)llz. The ratio of the time-
varying temperature and time-varying power yields the thermal

impedance of the air-bridge bolometer.

L
=By _ panptey . (10)
twKp 2 2Lp 2Ly

Zt(w) = 2

It is possible to plot a universal frequency response
curve for the air-bridge bolometer, as shown in fig. 3. For
low frequencies when the thermal diffusion length Ly is much
larger than the bolometer length 2(i.e. £« Kb/2n22pbcb) the
thermal impedance is independent of frequency., and Zy =
2/12Kbtw. At high frequencies L, becomes much smaller than
L, and %, = 1/im%thbe. These are the same limiting values
‘as a thermal circuit consisting of a resistance %/12Kytw in
parallel with a thermal capacitance 2twppCyp. Unlike the
substrate-supported bolometers, the air-bridge response
changes quite abruptly from flat to a 1/f roll-off. The
speed of the detector is determined by (RtCt)"l, which is
12Kbh%@b22 . Note that the speed depends on only one
dimension of the bolometer, the length 2. It should also

be noted that for fixed dimensions the thermal conductance
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out of an air-bridge bolometer is always less than that out

of a substrate-supported device.

Materials for Antenna-coupled Bolometers
The choice of a material for use in a microbolometer is
strongly dependent on the electrical impedance desired. If
we assume that the antenna is best matched by a resistance
Ry, for a material with electrical conductivity ¢ we must
have device dimensions that satisfy

L/ (tw) = oR, . (11)

At the same time we want to maximize the thermal resistance
to increase the detector response. For an air-bridge
bolometer we found that the thermal resistance 1is
proportional to ¢/twKy,, but using eq. 11 this is just oR /K.
Since R, is fixed by the antenna we should use a material
which gives a large value for a/Kb.

The ratio of the electrical conductivity to the thermal
conductivity, o/K, is very nearly the same constant for most
metals; the two properties are fundamentally related. This

relation is embodied in the Wiedemann-Franz law, which gives

3 e 2
= (-5~
Tk

T B

(12)

wia
IS BT

where kp is Boltzmann’s constant, e the electron charge, and
T the absolute temperature [4]. Because of this, for fixed
device resistance, almost all metals would give the same

bolometer thermal resistance.



73

The other material constant that enters into the
responsivity of the detector is the temperature coefficient
of resistance a; the larger e the larger the responsivity.
Once again, however, this is very nearly the same for all
metals. Since the resistivity p of most metals near room
temperature is proportional to temperature, and using the
definition of a,

dp
aT

(13)

5]
[
- N

we find that e = 1/T [5]. For 300 K this gives a temperature
coefficient of about 0.003K™1; almost every metallic element
is within a factor of two of this value.

A search for materials with a large temperature
coefficient e usually leads to a consideration of
semiconducting materials. For intrinsic semiconductors the
carrier concentration varies exponentially with temperature,
and their resistivity is proportional to exp(Eg/ZkT). This

gives o = -Eg/2kT2, where E_ is the band gap of the material.

g
At room temperature for a 1 eV band gap this is about
0.06K~1, about twenty times larger than that of a metal.
Unfortunately this increase in a is more than offset by a
decrease in the material conductivity o, since the quantity
we must really maximize is eo/K. The conductivity in an
intrinsic semiconductor is usually 103 to 10% times smaller

than that of a typical metal, with a thermal conductivity 2

to 10 times smaller. This yields a figure of merit eo/K that
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is actually smaller than a typical metal. If the
semiconductor is doped to increase its conductivity the
resistivity is no longer proportional to exp(Eg/ZKT}. The
carrier concentration is now set by the dopant concentration,
and is only weakly temperature dependent at room temperature.
From fairly basic considerations, then, a semiconducting
material is unlikely to provide any advantages as a
microbolometer material.

It would seem that almost any metallic material would
make an equally good bolometer. There is one practical
constraint, however, that has not been addressed. Generally
the smaller the dimensions of a bolometer the better. Using
a photolithographic process capable of producing a minimum
feature size wyi,. the best microbolometer will be roughly
Wnin Wide and wp;, long (i.e. one square). Since the
desired resistance is Ry, we must have a thickness that
yields a resistance per square of R4- There is usually a
minimum thickness, tnins Pelow which good evaporated layers
are very difficult to produce, so the conductivity is
constrained by

-1
o < (Ratmin) . (14)

For a typical matching resistance of 1002 and minimum
thickness of 20nm this gives o < 5x103 (acm)~ 1. In
comparison, the conductivity of copper is 6x10° (2cm)”!, and
for lead is 4.8x10% (2cm)™l. This constraint is therefore
guite serious, eliminating all the more common metals.

An examination of the elements shows very few with a
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conductivity low enough to satisfy the restriction above.
Since it is also advantageous to avoid extremely large
thicknesses (which increase the thermal mass and complicate
the fabrication process), we can also find a lower bound on
6. Assuming this maximum thickness to be 0.5 pm, the minimum
conductivity is approximately 200 (acm) 1, This eliminates
several of the elements that satisfied eq. 14. One material
which does cover this range of conductivities is thin-film
bismuth.

The properties of thin-film bismuth are quite different
from those of the bulk material. Its conductivity is
typically two to ten times lower than the bulk, falling into
the range desired for a microbolometer. The exact value of
its conductivity depends on film thickness, substrate
material, and substrate temperature during deposition, and
somewhat less on evaporation rate. Table 1 summarizes some
of the published data on thin-film bismuth. The range of
resistivities obtained by different authors is fairly large,
but under our deposition conditions we have found our values
of the resistivity to be repeatable.

Both the resistivity and its temperature dependence were
measured for several thicknesses of bismuth: representative
values are shown in fig. 4. For the measurement silver or
gold contact pads 100nm thick were first evaporated on glass
substrates, leaving a 12.5mm space between them. Bismuth was
then evaporated through a metal mask to leave a strip 2.5mm

wide connecting the two contacts. The substrate was at room
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temperature during the evaporation, which was done at a rate
of 0.1-0.5nm/sec. The thickness was monitored with a crystal
quartz thickness monitor. Resistance versus temperature
measurements were done by soldering wire leads to the
contacts, immersing the assembly in an oil bath, and placing
the 0il bath in an oven. The temperature of the oil bath was
measured, and the resistance of the bismuth strip measured
with a digital ohmmeter. Sample to sample variations were
less than 2%. Note that the temperature coefficient of
resistance for these bismuth films is negative, as has been
discussed by RKomnik et al [7]. Of practical interest for a
microbolometer is the decrease in a from about 0.003K™1 at
100nm thickness to 0.0015K™1 at 400nm. 1In addition, the
resistance per square for 100nm films is 6982, a convenient

value for antenna matching.

FPabrication

Bismuth microbolometers have been made in several
different ways. These techniques fall into two general
categories, the two-step process and the single-step process.
In a two-step process the antenna metalization is first
defined. The bolometer photoresist pattern is then aligned
to the antenna, the bismuth evaporated, and finally the 1lift-
off performed. Single-step processing uses a photoresist-
bridge [11][12][chapter 4] or groove [13] so that both the
‘antenna and the bolometer can be formed with a single pattern

in one vacuum evaporation step.
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Figure 5: Noise spectra for air-bridge, substrate-supported,
and two—step fabricated bismuth bolometers. The

bias voltage across the devices was 0.1V,
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Two-step processing has two major disadvantages. The
first of these is technological: for small antennas and
small detectors the alignment between them becomes very
critical. The second is more fundamental: as shown in fig. 5
the low frequency 1/f-noise in a two-step bolometer is about
four times larger than in a single-step detector. This is
probably due to contamination of the first level metalization
during the second photolithographic step.

The photoresist-bridge technique has been widely used to
fabricate a variety of devices [14][15]. Figure 6 shows the
general principle, and fig. 7 shows an SEM of a typical
bridge. In this process the detector is formed under a
bridge (which separates the two sides of the antenna
metalization) by evaporating bismuth at an angle from both
sides of the bridge. By evaporating different materials from
each side it is also possible to form bi-metallic junctions,
such as the bismuth-antimony thermocouple (fig. 8)[3]. Note
that this type of process is self-registering:; that is, the
bolometer is aligned precisely to the antenné since the same
photoresist structure patterns both .

A somewhat more elaborate bridge process is used to
fabricate the air-bridge microbolometer. In the usual
process the bridge is suspended above the substrate by
another layer of uniformly exposed photoresist. This layer
is then undercut during development to leave the bridge
above the substrate. In order to make the air-bridge

bolometer three layers of resist are used, with only the
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Figure 7: Photoresist bridge supported about 2um above the

substrate surface.
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Figure 8: Bismuth—-antimony microthermocouple.



84

middle layer flood exposed. Since we use transparent

plasma-formed buffer layers [16][chapter 41 when the tri-
layer resist is contact printed to form the bridge pattern an
identical pattern is produced in the bottom layer. A
finished photoresist structure is shown in fig. 9. The
antenna is formed by evaporating silver at normal incidence
to the substrate. Bismuth is then evaporated at a 50° angle
from each side of the bridge. The bolometer is thus formed
under the bridge, but is supported above the substrate by the
bottom resist layer (fig. 10). After evaporation the
substrate is soaked in acetone for approximately one hour,
which dissoives all 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. A finished air-bridge detector is
shown in fig. 11.

Figure 12 shows the groove-fabrication process for
substrate-supported bolometers. By using steep-angle
evaporation of the antenna metal shadows are cast across
narrow grooves connecting the two sides of the antenna.
Bismuth is then evaporated at normal incidence to complete
the connection. This process does allow the bismuth to be
deposited at normal incidence, which tends to produce
slightly better quality films. However., due to lithographic
difficulties, the grooves are several times longer than they

are wide. The bolometers are then somewhat larger than those



85

Photoresist |

Figure 9: Photoresist bridge used to fabricate the air-bridge
bolometer. The bottom layer is about O0.5pum thick,

and the bridge is about 2um above it.
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Figure 10: Evaporation sequence for the air-bridge
microbolometer showing the photoresist patterm that

supports the detector.
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Figure 11: SEM of a finished air-bridge microbolometer.
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normally made with the bridge process, and are therefore less

responsive.

Electrical Testing
Unlike many far-infrared detectors it is possible to
accurately calibrate the bismuth microbolometer. This is
done by first measuring the dc responsivity of the bolometer
from its dc I-V curve. An ideal bolometer has a resistance
that is just a linear function of the power dissipated in
it,

R =R, + BP . (15)

The voltage responsivity R of such a device with a constant
bias current I, applied to it is then

dr
R. =1 — =1

dc Ib 3P bB . (16)

We can find B and Ry by measuring the dc I-V curve of the
bolometer, since eq. 15 gives

( V/I ) =R, + BVI . (17)
Figure 13 shows a typical R-P plot for an air-bridge
bolometer, along with the linear regression fit to the data:
the correlation coefficients for these fits are usually
better than 0.999. Note that we can also find the dc thermal
impedance of the device once B is known using

I z2gc | = Rgo/ (aVp) = I B/ (aVy) . (18)

The frequency response of the microbolometer is found

using the rf network shown in fig. 14. The circuit applies a

150MHz signal which is amplitude modulated at a frequency Af.
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The bolometer is too slow to respond to the 150MHz signal,
and sees it as a modulated power input (the detector is now
functioning just as it does in the far-infrared). By varying
Af and measuring the output signal from the detector its
response curve is determined. 1In order to make an absolute
measurement of the responsivity the rf power absorbed must be
known. This is quite difficult to measure accurately. By
placing a directional coupler in the input arm of the network
reflections off the bolometer and its mount can be measured.
For a device with a 508 resistance the reflection is
typically 10dB down, but for larger resistances or a bad
device mount the reflection may be quite large (up to 3dB).
When reflections are taken into account the responsivities
from the rf network are consistent with those determined from
the dc R-P curve. The response curves are therefore
normalized to the dc R-P responsivity, which can be measured

quite accurately.

Bismuth Microbolometers

Figure 15 shows typical measured responsivities at 0.1V
bias for both an air-bridge and a substrate-supported
bolometer. The substrates were Pyrex glass microscope
slides. Both detectors were 4pum long, 3.5pm wide, and 100nm
thick. The substrate-supported bolometer was fabricated in
exactly the same way as the air-bridge, but the bottom layer
of resist was omitted. Electrical contacts to the bolometer

were silver bow-tie antennas 100nm thick. The air-bridge had
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a resistance of 1368, and the substrate-supported bolometer
7402, Device to device variations in respénse on the same
chip were about 10%.

For the air-bridge microbolometer all the physical
constants and device dimensions in the thermal model are
known, with the exception of the thermal conductivity of
thin-film bismuth. As discussed earlier, the electrical
properties of bismuth films are strongly dependent on
thickness and deposition conditions, and Abrosimov et al [8]
report similar effects for thermal properties. For this
reason K, is treated as an adjustable parameter, and egs. 6
and 10 are then used to £it the measured responsivity. The
thermal conductivity Ky can be found from the dc
responsivity.

For the device in fig. 15 a =-0.003K"1, v, = 0.1V,
L/tw = 11.5um™ Y, and R3gc = 99V/W, which gives a thermal
conductivity of 2.9W(m K)"1. This value is about three times
lower than bulk bismuth, but twice‘the value given by
Abrosimov et al [8] for 100nm thick films. The excellent
agreement between the measured high frequency responsivity
and the predicted response with this value of K indicates
that the simple thermal model used is valid for the air-
bridge bolometer.

The model used for predicting the response of the
substrate-supported bolometer is less exact than that of the

air-bridge. The fitted line in fig. 15 is found using eq. 7
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Figure 15: Respomsivity of 4um square air—bridge and glass-—
supported bismuth bolometers at 0.1V bias. The

solid lines are fitted from egs. 10 amnd 7.
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and treating both G5, and a as adjustable parameters. The dc
conductance is found using egq. 18 to be aV,,/R3,, and a is
chosen to obtain the best fit to the frequency response. For
the bolometer in fig. 15 the value of Gy, is 1.5 x 1077 W/K,
and a is 1.35um. The effect of the silver antenna can be
seen by using a to calculate Gy at zero frequency from eq. 4
and noting that G, is the difference between Gy, and Gg-
Using the values for this bolometer we find the metal
conductance is about 75% of that of the substrate., larger
than the estimate of Hwang et al [2], who used 30%. It is
clear the effect of the antenna metalization cannot be
ignored if an accurate model of a substrate-supported
microbolometer is desired. Unfortunately., the present model
is of limited predictive value, since the relative effects of
antenna metalization and substrate conductance depend on the
device size and substrate thermal conductivity.

For substrate-supported detectors reductions in
substrate thermal conductivity offer a simple way to increase
response. One possibility is the use of a plastic to
insulate the detector from the substrate. This approach has
been used in a 119um antenna array [17] that was fabricated
on a silicon substrate. Since silicon has a large thermal
conductivity (about one hundred times larger than fused
quartz) bolometers made directly on it have very low
responsivity. By using a 0.5um thick layer of DuPont Pyralin
2555 (a polyimide) between the microbolometer and silicon

substrate a detector responsivity of 3V/W at 0.1V bias was
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obtained. Comparable size devices on fused quartz gave 5V/W.
From this we can see the excellent insulating properties of
Pyralin, with a thermal conductivity of only 0.15W(m R)~1
[18]. Use of somewhat thicker layers on fused quartz should
increase the dc response of substrate-supported bolometers
over that given in fig. 15 [19].

The actual performance of the microbolometers as
detectors is determined by their noise equivalent power
(NEP). This is just the minimum input power which will yield
a signal-to-noise ratio of 1:1 for a 1Hz output bandwidth.
The NEP is found using

NEP = Vn/R (20)

where V., is the noise voltage divided by the square root of
the detection bandwidth, and R is the responsivity. The
noise voltage for these devices was measured with a PAR 124A
lockin and 117 plug-in; fig. 5 shows the noise curves at
0.1V bias, corrected for amplifier noise. The noise
equivalent power (at 0.1V bias) for the air-bridge and
substrate-supported bolometers is given in fig. 16. The NEP
below S50kHz is limited by 1/f noise and above 100kHz by the
roll-off in the bolometer responsivity. Because of the
reduced thermal conductance the air-bridge bolometer’s NEP
is over four times lower than the substrate-supported
device.

Thermal detectors such as these have a fundamentally

limited NEP, set by statistical fluctuations in the power
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flow between the bolometer and its environment. The mean
square value AW? of this fluctuation is given by

AW? = 4kpT2GAf (21)

where G is the thermal conductance out of the bolometer and
Af is the detection bandwidth [20]. 1In terms of the complex
thermal impedance Z; this gives the minimum noise equivalent
power as

- 2 1/2
NEP ;, = [ 4kgT*Re(1/Z.) ] . (22)

For the two thermal models discussed earlier 2
independent of frequency for low frequencies, so NEPpip is
independent of frequency. At high frequencies Re(1/3y)
varies like £1/2, so the minimum NEP increases like £1/4,
Note that the detector responsivity decreases like £71, so
its actual NEP will increase as £, faster than the
fluctuation limit. Figure 16 also shows the fluctuation-
limited NEP for the air-bridge and substrate-supported
bolometers, based on the thermal impedances used to fit the
data in fig. 15. At 100kHz the air-bridge is about a factor

of seven from its fundamental limit, and the substrate-

supported device a factor of 13 from its limit.

Bi-Sb Microthermocouples
One detector that avoids the low frequency noise
problems of the bismuth microbolometer is the bismuth-
antimony microthermocouple. Since this device does not

require biasing the only source of noise is Johnson noise.
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The device is fabricated using the same photoresist bridge
techniques used for bolometers, but actually is quite
different. Recall that a microbolometer effectively measures
the average temperature of the entire device:; the
microthermocouple measures the peak temperature instead.
Figure 17 illustrates this difference. We again assume the
silver antenna acts as a perfect heat sink. so the two ends
of the device are at the same temperature, T,. The center of
the detector where the Bi-Sb contact is located is at a
temperature T, + 6. Because of the difference in thermal-emf
for the two materials there will be an open circuit voltage
across the junction

V = (agp, - ap;)é (23)

where agp is the thermal-emf of antimony and ag; the thermal-
emf of bismuth. The output signal then depends on the
temperature difference between the center of the device and
the ends.

As has been noted previously, both the electrical and
thermal properties of thin-film bismuth are different from
those of the bulk. It has also been reported by Johnson and
Harris [21] that the thermal-emf of bismuth films thinner
than 1pm decreases rapidly with decreasing thickness, to
approximately -30pV/®C at 0.ium (compared to a bulk value of
-73uv/°9C). Abrosimov et al [8] reported a somewhat larger
value of -55uV/°C at the same thickness. In order to check
the value of e for our films large thin-film Bi-Sb junctions

were made by evaporating bismuth on one half of a glass
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substrate, followed by an antimony evaporation on the other
half of the substrate. The substrate was then clamped to an
arrangement of copper tubing so that the junction could be
heated while the ends of the substrate were cooled (fig. 18).
The voltage V across the ends was recorded, and the
temperatures of the bismuth cold-end, Ty. Bi-Sb hot junction,
T,, and the antimony cold-end, T3, measured with a contact
thermocouple. The thermal-emf of the bismuth is then given
by

V - «a (Ts— Ta)
e.. = Sb_ "2 = . (24)
Bi Ty - T2

Assuming the thermal-emf of antimony is the same as the bulk
(Johnson and Harris reported no change in junction
thermopower when the thickness of the antimony was varied)
the mean value of ag; for five measurements on 120nm thick
films was -73pV/°C (with a standard deviation of 9uV/©°C).
This value is the same as the bulk, and would give a Bi-Sb
thermoelectric power of about 120pV/°C, consistent with the
value reported by Lahiji and Wise [22] for similar junctions.

Figure 19 shows the responsivity of the
microthermocouple shown in fig. 8, measured with the 150MHz
rf network in fig. 14. Also shown is the responsivity of a
bolometer the same size as the thermocouple. Figure 20 shows
the NEP of these detectors. The devices here were made with
a different mask pattern than those in fig. 15, and were
about 4pm long, 8um wide, and 100nm thick. Because of this

these detectors have a larger thermal conductance than the
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substrate~-supported bolometer discussed earlier. For this
bolometer the dc responsivity was 10V/W at a bias of 0.23V;
using eq. 18 this gives a dc conductance of 7 x 1075 W/K, a
factor of about 4.5 larger than before. Assuming the peak
temperature at the Bi-Sb junction scales in the same way as
the dc conductance, the responsivity of a thermocouple made
with the smaller device dimensions should increase from
1.4V/W here to about 7V/W. 7This would give a low frequency
noise equivalent power of 1.5 x 10710 w(uz)"1/2, instead of
the value 6.7 x 10710 w(Ez)"1/2 in fig. 20.

At present no thermocouples have been made using the
air-bridge fabrication techniques. Unlike the substrate-
supported devices, however, the thermal model for the air-
bridge does give the peak temperature in the device, so we
can estimate the performance of such a detector. From the
so}ution to eqg. 8 the ratio Zp of the time-varying
temperature at the center of the bridge to the power

dissipated in the device is

2

g, = —B_ (1 X
p = - sech==—) (25)
twlKp 2Ly

where Lp is again the thermal diffusion length,
Iy, = (Kb/iwpbcb)l/z. The low frequency limit is 2/8twKy, a
factor of 1.5 larger than the low frequency average thermal
impedance Z; (eq. 10). The high frequency limit is the same
as before, 1/ieltwp,Cy. Thus the peak temperature in the
device is described by a thermal equivalent circuit

consisting of a resistance 1&/8twKy in parallel with a
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capacitance 2twppCy.

We can now estimate the performance of an air-bridge
microthermocouple. The dc thermal resistance of the device
in fig. 15 is 3.3 x 105 K/W, so the peak temperature rise
per watt is 5§ x 105 K/W, 1.5 times larger. The responsivity
of the thermocouple is found from eq. 23,

R = (egy = agy) iz l . (26)

Using a thermoelectric power (egp- apj) of 100uV/°C and the
peak temperature above we find a responsivity of about 50V/W.
Since the noise of a thermocouple is only Johnson noise, for
a 1500 device the noise voltage in eqg. 20 is 1.6nv(Hz)"1/2,
This gives a NEP of about 3 x 10711 wmz)-1/2, quite close to
that measured for the air-bridge bolometer (fig. 16) at
100kHz. With a microthermocouple, however, this performance
can be maintained at low frequency., where 1/f-noise in the
bolometers seriously degrade their performance. This
estimate does assume the thermal conductivity of thin-film
antimony will be similar to the bismuth’'s, but is probably

within a factor of two of what can actually be made.

Antenna Impedance Measurements
One unusual application of the bismuth microbolometer is
the measurement of the impedance of the antenna used to
couple power into the bolometer. This is possible because
the impedance of the bolometer can be easily determined: it
is just a pure resistance, whose value can be measured at

zero frequency. In addition, the resistance can be increased
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in fairly small steps (a few ohms, over a range of 500 -2009)
by applying a large dc bias current to the device. By
measuring the power coupled into the bolometer from the
antenna as the resistance is varied the impedance of the
antenna can be inferred.

The particular configuration studied here consisted of a
bow-tie antenna array and the quasi-optical system described
in chapter 2. The array spacing was designed to be Ag/2 at
100GHz The actual source used was a 94GHz Gunn diode, which
provided the long term power stability necessary for the
measurements.

The large dc bias used to increase device resistance
does so by actually removing part of the bismuth that makes
up the detector. Figure 21a shows a microbolometer before
the device has been ‘burned out.’ At this point the detector
had a resistance of 508. By application of about 1mW dc bias
power for five to ten seconds the device resistance increased
approximately 5Q. This process was'repeated until the
resistance had increased to 2000; fig. 21b shows almost all
the bismuth that made up the detector is no longer present.

Since the responsivity of a microbolometer is a function
of its size it would be expected that the detector response .
would increase as it is burned out. The antenna impedance
measurement requires the relative change in power coupled
into the device as a function of resistance, so we must
carefully normalize out the change in detector response.

This can be done using a circuit analogous to the rf circuit
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Figure 21a: Photomicrograph of bow tie and bismuth bolometer
used for impedance measurement. The device had a

resistance of 508 at this point.



109

transmission

reflection|

Figure 21b: Photomicrograph of bolometer after it has been

over—biased to imcrease its resistance to 2008,
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shown in fig. 14. 1In this application the optical system
containing the detector cannot be disturbed since the optical
coupling to the antenna must not be changed. Because of this
the carrier frequency of the test circuit has to be low
enough to pass through the ribbon cable and chip-package
used. The circuit shown in fig. 22 is now used, operating at
a carrier frequency of about 1kHz, amplitude modulated at
11Hz. The carrier frequency input voltage is measured. which

gives the input power P,.g. The low frequency output voltage
Vam 1s also measured; the low frequency response is then
Ryg = Van/Prg- This is repeated at each detector resistance
and used to correct the 94GHz measurement for the change in
detector response. Figure 23 shows the relative increase in
response as the device resistance increases.

Some care is required in interpreting the absolute
magnitude of the responsivity measured with this circuit.
Recall that the 150MHz measurements depended on the fact
that the detector was too slow to actually follow the 150MHz
frequency. At the low frequency used here this is no longer
true. As we have seen (fig. 15) the bolometer can follow
the 1kHz signal. The responsivity is now given by
a1

( )
av?

dl, 2 :
Z(dv)
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The relation between I and V at low frequency is given by
eq. 17, so
Rig = -BI(BIZ + 3)/1(p1%H)2 - 1] (28)

where I is the operating point bias current. For small B12
(a typical substrate-supported bolometer has a B of about
104 (amp)'z, and an operating current of 10”3 amp) eqg. 28
reduces to 3BI, three times larger than the classical
bolometer response BI. Since the low carrier-frequency

responsivity is used only for relative corrections this

h

factor does not really affect the 94GHz measurements.

Once the relative response of the detector is known the
power coupied from the antenna versus the bolometer
resistance can be determined. Figure 24 shows the results
for three different antennas in the bow-tie array. This can

be interpreted as a plot of the power transmission

coefficient l<l2,

Z - R
lz1? = 1 - | =ant_ _"bol | 2 (29)
Zantt Rpol

where Z_,.. is the antenna impedance and Rpo1 is the bolometer
resistance. These antennas have a bow angle of 609, and
should have a real impedance of 1508 [23]; fig. 24 also shows
lines found using eq. 29 assuming antenna impedances of 1500
and 18508. The measurements at 94GHz are consistent with the

predicted value of 1504Q.
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Chapter 4

Lift-Off Patterning of Thin Films

One necessary step in the fabrication of any integrated
circuit is the patterning of deposited thin films. In the
simplest case this is just the delineation of metal
interconnects, but may also include patterning of a variety
of dielectric materials. Conventionally these patterns are
formed through the use of photolithography followed by a
chemical etch of the deposited film. When desired feature
sizes are smaller than about 5um, however, it becomes
difficult to control many of these etches. Undercutting
along edges (and sometimes nonisotropic etch rates due to
nonuniformities in the material being etched) may seriously
affect pattern geometry. These problems have been the
driving force behind the extensive efforts to develop ‘dry’
plasma processing [1] which exhibits a highly directional
etch: straight down through the thin film without lateral
undercutting of the mask.

There is, however, a technique which avoids the use of
any etch step. Here the photolithographic masking is done
before the material to be patterned is deposited. The film
is then deposited onto the substrate only through the
openings in the mask. When the mask is removed (usually
with a simple solvent) the unwanted material is carried off
with it. Because of this aspect the technique is usually
referred to as l1ift-off processing. 1In principle the only

limit to feature size is set by the resolution of the



119

photolithography. With a good master mask and standard
contact printing 2pum features can easily be obtained at this
step. The deposition process for the film must also be
nondestructive for the photoresist mask (this usually
requires that the substrate temperature during deposition be
no more than 125°C).

Actually producing 2pm features in the final deposited
film, is, however, considerably more difficult than
producing them in the mask. The most serious difficulty in
lift-off patterning is the generation of an appropriate
photoresist edge profile. Figure 1 illustrates this
problem. Because of diffraction and imperfect mask-to-
resist contact, the profile shown in fig. 1a is almost
always produced in standard lithography. When used as a
lift-off mask the deposited material will cover the step.
either preventing 1ift-off entirely, or leaving lift-off
‘flags’ along the edge (fig. 2b) [2]. To achieve good lift-
off a photoresist profile similar to that shown in fig. 1b is
necessary:; such a profile ensures that the deposited film is

broken cleanly along the edges.

Chlorobenzene Lift-Off Process
There are several different techniques available to
produce photoresist profiles similar to fig. 1b. The most
widely used of these involves a surface modification of the
photoresist. By socaking positive photoresist such as

Shipley 1350J in chlorobenzene it has been found [3] that the
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resist edge shown in fig. 2 can be produced. As long as the
lip extends beyond the base of the resist a sharp., clean
lift-off will be obtained. Figure 3 shows an SEM of a
chlorobenzene-formed lip, and fig. 4 shows the formation of a
lift-off flag. The mechanism of this process [4]1 is fairly
complex, but is mainly dependent on the decreased development
rate of resist penetrated by chlorobenzene. By adjusting
soak time so that the chlorobenzene only diffuses into the
surface of the resist the lower portion remains unmodified,
and the profile in fig. 2 results. As it affects the
photolithographic process, a summary of important steps is
provided:
i) Spin: no effect
ii) Prebake: The penetration of the chlorobenzene is
strongly influenced by this step. Decreased time or
temperature increases penetration, often preventing
development; increased time or temperature decreases
penetration, reducing the size of the lip.
iii) Exposure: The exposure should produce a resist
edge as nearly vertical as possible since chlorobenzene
cannot correct gross defects. Typically an exposure
producing good profiles in unsoaked resist is best,
although a small increase may be necessary.
iv) Chlorobenzene socak: Normally this follows the
exposure, although it may precede it. The time should
be adjusted to produce a subsequent increase in

development of about 1.5 minutes.
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v) Dry: Failure to remove the diffused chlorobenzene
may prevent development; the resist should either be
rinsed in freon or baked dry for a few minutes.

vi) Development: Because of the method of action the

development time will be considerably increased:

observation should reveal no visible development for
the first 1-2 minutes, followed by rapid development
for 30-40 sec. Overdevelopment can eventually etch away
the lip., and should be avoided.
The basic processing steps using our equipment has been
found to be:

i) Prebake: 85°C, 25 min.

ii) Exposure: 15-20 =ec at about 300 on exposure

meter.

iii) Chlorobenzene soak: 10 min.

iv) Dry: 85°C, 5 min.

v) Develop: Microposit developer, diluted 1:1 with

water, about 2-3 minutes, as noted above.

The successful formation of a chlorobenzene lip can be
judged with an optical microscope. At a magnification of
500 to 1000 times the edges of the photoresist appear as two
distinct lines, one due to the bulk resist and one due to
the l1lip (this often appears as a bright line along the
edge). Consistent appearance of this bright edge usually
assures good lift-off quality even for relatively thick

deposited films.
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Figure 3: Cross—sectionm of a photoresist pattern treated

with chlorobenzene.
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bare photoresist
edge

Figure 4: SEM showing the formation of a lift-off flag. The
dark edge is bare photoresist shadowed by the
chlorobenzene lips the bright edge is covered with

metal because the lip was too small, as in fig. 2b.
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Back-Side Flood Exposure for
Transparent Substrates

Perhaps one of the simplest ways to produce a reverse-
taper photoresist edge profile like that in fig. 1b is the
use of a back-side flood exposure. Photoresist does not
expose uniformly throughout its thickness; instead a thin
layer is completely exposed, bleaches, and then allows the
layer underneath to expose [5]. Because of this a very short
exposure through the back side of a transparent substrate
will expose only a thin layer of resist directly adjacent to
the substrate. The substrate is then pattern exposed as
usual from the front. There are now two distinct layers, the
lower flood exposed as in a conventional bi-layer resist
structure (see next section), and the upper containing the
pattern. When this is developed the bottom layer undercuts
the top, leaving a profile that will give a good lift-off. A
typical process is:

i) Spin and prebake as usual.

ii) Back-side flood expose for roughly 1/5 normal

time; on our equipment 3 sec. at 300 on the exposure

meter.

iii) Pattern expose for about 4/5 of normal time; 12

sec. at 300 on meter.

iv) Develop as usual, inspect for undercut, and if

necessary develop again; the increase in development

necessary for good undercut is usually not more than 15

secC.
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Figure 5: Photomicrograph showing the undercut edge in a

back-side flood exposed pattern.
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For simple lift-off processing on transparent substrates this has

been found to be a very successful technique (fig. 5).

Bi-Layer Resist Processing

The chlorobenzene process produces acceptable lift-off
profiles because it produces two different layers in the
photoresist, effectively allowing the top layer to be
undercut by the bottom layer. This undercutting could be
accomplished by actually using two distinct layers, applied
sequentially. The top layer would be the usual photoresist,
and be patterned with standard contact printing and
development. The bottom layer would then be etched through
this pattern, undercutting as it etches (fig. 6). It should
be noted that unless this layer is carefully chosen the
problems in small geometry control inherent in wet etching
mentioned earlier once again occur. Fortunately this offset
layer can also be photoresist., whose etch characteristics
are easily controlled. The advantages offered by l1ift-off
patterning can be maintained., and a variety of applications
unique to offset masking gained (for example, see chapter 3).

One possible choice for an offset layer is a polyimide,
DuPont Pyralin 2555. This plastic is applied to the
substrate by spinning in the same way as photoresist. 1Its
thickness can be varied over a wide range (less than 0.5um
to several micrometers) by varying its viscosity and spin

speed during application. With appropriate choice of curing
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bake time and temperature the degree of imidization can also
be varied. 1In a partially imidized state Pyralin can be
etched quite easily in sodium hydroxide, the same solution
used to develop diazo-type photoresists (e.g. Shipley 1350J).
It also has the necessary compatibility with the solvent
system used in these resists: it is not dissolved by them
when the resist is applied to the Pyralin. This allows the
formation of the two distinct layers needed for the formation
of a profile like that in fig. 6.

A typical processing sequence is given below using 1:1
thinned Pyralin (which produces a layer approximately 0.5um
thick):

i) Spin Pyralin: 4000rpm, 30 sec. Unlike

photoresist, polyimide will still be quite fluid after

spinning, so care must be used in handling the
substrate.

ii) Soft Bake: 125°C, 15 min. This step must usually

be optimized for a particular batch of Pyralin.

iii) Apply photoresist and pattern in the normal

manner.

iv) Develop pattern and etch Pyralin: the total time

required varies depending on soft-bake conditions:

visual observation of the polyimide etch is usually
necessary.
Figure 7 shows a bi-layer pattern usinc¢ the process above.
The photoresist layer is supported above the substrate by

about half a micrometer. One serious problem with Pyralin
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Figure 7: Photoresist pattern suspended above the substrate

by a2 layer of polyimide.
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is its tendency to swell during etching. This can often
crack the photoresist above, ruining the pattern.

A much more attractive offset layer can be made with
photoresist that has been uniformly exposed. This layer can
then be uniformly etched, again with the same developer used
on the top pattern layer. One problem that must be dealt
with, however, is the dissolution of the offset layer during
the application of the second layer of photoresist. Early
work with these systems [6]1[7] prevented intermixing of the
two layers by evaporating a thin laver of aluminum over the
first layer of resist., and then applying the top layer of
resist over the aluminum. The top layer was patterned as
usual, followed by etching of the aluminum. The offset layer
can then be etched by immersion in photoresist developer.

The presence of this aluminum buffer layer can in some
cases be a serious disadvantage: when registration between a
pattern already on the substrate and the bi-layer pattern is
necessary the aluminum prevents obse;vation of the lower
level. The buffer layer now must be transparent. A process
for preparing such a layer has been described [8]1[9] which
uses a CFy plasma treatment to form a fluorinated hydrocarbon
on the surface of the photoresist offset layer. Under proper
conditions a layer approximately 30nm thick is formed in
which fluorine is entirely substituted for the hydrogen
originally present [9]. This layer is both insoluble and
impermeable to the solvents present when the second

photoresist layer is applied. It is also unaffected by the
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resist developer, and so serves as an etch stop during
development of the pattern layer.

The strength and integrity of the CF, formed buffer
layer is actually gquite impressive. It is clearly visible
in the SEM of fig. 8 on a substrate that has been throuch a
complete 1lift-off process (including a very vigorous
immersion in acetone). Once a layer of photoresist has been
treated it can be immersed in acetone for at least 30
seconds before any effect can be seen. Unfortunately the
layer also exhibits another characteristic of fully
fluorinated hydrocarbons: it is extremely difficult to get
anything to adhere to it. Since another layer of
photoresist must be applied over it this adhesion problem is
corrected with another plasma treatment. Using a short N,
plasma it has been found that a small fraction of the
surface bonds are once again C-H structures, although very
little nitrogen is incorporated [9]. The precise mechanism
for this adhesion promotion step remains obscure., but on
empirical grounds it works very well. Applying photoresist
to a buffer layer untreated by the nitrogen usually leaves no
resist behind at all after spinning. When applied to a
treated layer, however, the result is a typical uniform layer
of resist.

The successful formation of a CF, induced buffer layer
has been found to be very sensitive to the plasma processing
environment. The plasmas used in this study were all formed

in a Tegal Plasmod, a small (10cm diameter) barrel reactor,
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plasma formed
fluorocarbon

Figunre 8: Residue of CF4—p1asma formed buffer layer. The
film was left on the substrate even after vigorous

agitation in acetome.
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at gas pressures between 600mTorr and 700mTorr, and an RF
power of about 30 watts. The integrity of the buffer layers
formed (on flood exposed 1350J resist) was evaluated by
immersion in resist developer; good layers prevent any
development for at least 60 seconds. The following aspects
have the most pronounced effects:
i) A CF4 plasma in the standard all glass Plasmod
chamber produced very poor layers. A simple liner of
Teflon in the outer vacuum vessel and removal of the
inner glass cylinder (using a flat Teflon plate to
close the vacuum vessel) produced excellent buffer
layers. The removal of the glass cylinder decreased
the total glass surface area exposed to the CF, plasma
by about 2/3, which should increase the amount of free
fluorine present, thus producing more uniform layers.
ii) The sample position in the plasma is also
important. The Plasmod produces a fairly non-uniform
plasma environment, with the center region apparently
the least excited (using the intensity of optical
radiation from the plasma as a measure of excitation).
Since the reaction proposed by Dobkin and Cantos [9]
relies on fluorine diffusion into the resist they
recommend ion bombardment of the sample be avoided.
This is most easily done near the center of the chamber,
and samples placed there produce the most uniform
layers.

iii) The presence of oxygen in the plasma has a very
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destructive effect since it etches both the fluorinated

and unfluorinated photoresist. A leak free vacuum

vessel and an extensive CF, purge before striking the

plasma are therefore essential. An N, flush must also

precede the N, plasma treatment for the same reason.
With the preceding precautions excellent buffer layers have
been routinely formed. A typical processing sequence is
given below:

i) Spin first photoresist layer; usually 1350J or

1350B.

ii) Prebake: 85°C, 25 min.

iii) Flood expose: 60 sec.; this is about a four times

overexposure with our equipment, and will give a rapid

undercut rate; lower exposures give lower undercut

rates. |

iv) CF,4 treatment: in Teflon chamber as noted

earlier; flush with CFy at 650mTorr for at least 5

min., followed by CF, plasma for 3 to 5 min., 1/3

power, 650mTorr.

v) N, treatment: remove Teflon liner and replace

sample in usual Pyrex chamber; flush with N, at

650mTorr, 10 min., followed by N, plasma at 650mTorr,

1/2 power, 30-45 seconds.

vi) Apply second (patterning) photoresist layer:

normal process and prebake.

vii) Expose pattern: normal time, usually 15 sec. at

300 on exposure meter.
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viii) Develop pattern layer: Microposit developer

diluted 1:1 with water, 35-45 sec.

ix) Strip buffer layer: in O, plasma, 650mTorr, 1/3

power, 4 min.

x) Etch bottom (offset) layer: Microposit developer

diluted 1:1 with water, usually for 30 sec. if offset

layer is 1350J, or 10-15 sec for 1350B. This time
should be optimized to achieve the desired degree of
undercut. With 1350B as the offset layer the undercut
can easily be held to 2-4um.
This process has proved to be invaluable in the fabrication
of microbolometers, and is used routinely to form a variety
of photoresist bridge structures (see fig. 7 and fig. 9,
chapter 3).

When patterns containing very small, isolated patches
of photoresist are necessary it may be difficult to prevent
complete undercutting with the process described above. One
way to avoid this is to use an offset layer with higher UV
sensitivity and faster development rate then the top
patterning layer [8]. When the pattern is exposed the edges
of the top layer receive too little energy for adegquate
exposure, but the higher sensitivity layer below receives
enough. When the pattern is developed and etched as
described above a small undercut is produced. Here the size
of the undercut is limited by the actual dimensions on the
mask, preventing complete undercutting of small features.

With the use of the fluorinated buffer layer process, this is
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another example of the various combinations possible.

Angle—-Evaporated Narrow Lines
As a final example of a bi-layer resist application, we
describe the fabrication of narrow, evaporated metal lines.
With this process it is possible to form lines much narrower
than the minimum lithographic line-width, and if desired,
very small Jjunction areas between two lines. Figure 9

illustrates how this is done. A bi-layer resist is first

applied to the subst

[at

ate, with the bottom layer uniformly
flood-exposed. A narrow line is then exposed in the top
masking resist, followed by development and undercutting by
the bottom layer. If material is now evaporated at a steep
angle to the substrate, metal is deposited on the substrate
only through the ‘shadow’ of the mask opening (see fig. 9).
For a mask layer thickness t, mask line opening w, and
evaporation angle 6 (measured from the substrate normal), the
~metal linewidth 4 is
d =w -t tané . (1)

In order to fabricate small area junctions (for instance,
for tunnel-junction detectors) the substrate is rotated 90°
after the first evaporation. A second evaporation is then
performed through another mask opening that is perpendicular
to the first line (fig. 10).

This process has been used to fabricate aluminum-
aluminum oxide-aluminum tunnel junctions with junction areas

of 1-0.25 (um)z. For a typical photoresist thickness t of
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cross section

Figure 9: Top and cross—sectional views illustrating the
formation of narrow metal lines by evaporating

through a photoresist mask.
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Figure 11: Evaporation system and substrate fixture used to

form the small area juanctions.
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Figure 12: Photomicrograph of the photoresist pattern used to

fabricate the small area junctions.
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ltunnel

Figure 13: Photomicrograph of a finished tummel junction

febricated with the amgle evaporatiom techmnigue.
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1.75um and minimum linewidth w of 3um, an angle of 535° gives

a metal linewidth of 0.5pym. Using the vacuum evaporation
system shown in fig. 11, it is possible to complete the
entire device in a single sequence. The first layer of metal
is evaporated (100nm Al) and then 500mTorr of dry oxygen is
introduced into the system. After a 30min. oxidation step
the system is re-evacuated, the substrate rotated 90° (using
the é-axis rotary feedthrough), and the second layer of metal
evaporated (another 100nm of Al). A photomicrograph of a
typical photoresist pattern is shown in fig. 12, and the

resulting device in fig. 13.
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Chapter 5

Future Work in Far-Infrared Detectors

There has been much recent progress made in the area of
far-infrared detection. Despite this, the field is still
relatively young, and much work remains to be done. For
instance, there are several areas where real improvements can
be made in microbolometer performance. Perhaps the most
obvious way to do this is by making the bolometers smaller;
this requires the use of somewhat more sophisticated
photolithographic techniques. The thermal model for the air-
bridge predicts a significant improvement in speed if the
minimum feature size is reduced from about 4pm to only 1pm.
Since the speed scales like 1/ 2, a lym air-bridge should be
sixteen times faster (about 1.6MHz) than the device in
chapter 3, with no decrease in the low fregquency
responsivity. In addition, for these smaller dimensions the
performance of a polyimide-supported bolometer should be even
closer to the air-bridge. Polyimide-supported detectors
2.5pum square have been made, which gave a low frequency
responsivity of 100V/W, and an NEP of 3.2 x 10™1lw(gz)~1/2 at
100kHz [11].

The techniques used to fabricate air-bridge
microbolometers could also be improved. At present. the
process involves the flood exposure of one layer of
photoresist without exposing another layer beneath it. This

is quite difficult, and the yield of good resist bridge
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structures is quite low. To solve this problem, a material
for the second layer should be used which is easily etched
without requiring flood exposure. One possibility is a layer
which is chemically similar to exposed positive photoresist:
a Novolak-type resin (such as AZ Protective Coating made by
American Hoechst Corporation) containing indenecarboxylic
acid (the major product formed when the photoactive component
in positive resist is exposed [2]).

Another way to improve microbolometer sensitivity would
be through the use of materials with a larger figure of merit
eac/K. I have only discussed the cases for elemental
conductors and common semiconductors. There are other
compound materials, hnwever, which may have significantly
larger values of aoc/K. For example, vanadium dioxide, which
undergoes a semiconductor-metal phase transition at about
60°C, has an extremely large temperature coefficient of
resistance e at the transition, and its use as a thermal
detector has been proposed in the past [3]. The electrical
conductivity of this material may be too low, however, to
allow efficient coupling to an antenna. If this is the case,
a composite structure could be used [4]. Here the antenna
would be coupled to an appropriate terminating resistance
(perhaps a bismuth strip) which would act as an absorber of
the far-infrared radiation. The VO, would be in intimate
thermal contact with the absorber, and measure its
temperature change. Care must be taken to avoid increasing

the thermal conductance of such a structure because of the
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corresponding increase in the fluctuation limited noise
equivalent power. Nonetheless, such a material may allow the
fundamental limits for the microbolometer to be reached.

Besides room temperature microbolometers. there are a
variety of other detectors which could be antenna coupled.
For instance, two types of tunnel junctions have been studied
extensively: the metal-oxide-metal (MOM) junction [5]., and
the superconductor-insulator-superconductor (SIS) junction
[61[71[81[9]. These devices do have parasitic capacitance,
and so must have very small areas. By using the angle
evaporation technique described in chapter 4, perhaps in
conjunction with an edge-type junction [5], detectors small
enough to work at frequencies above 300GHz might be made.
The SIS junction could provide very sensitive detection in
the miilimeter range; its performance at submillimeter
wavelengths is unknown.

A final example of an antenna coupled detector is a
variation of the superconducting transition-edge bolometer.
The basic idea is to use the very large temperature
coefficient of resistance of a superconductor operated near
its transition temperature. The use of such bolometers is
well established, and has been used in a composite structure
for submillimeter detection [10]. It should be possible,
however, to directly couple the bolometer to an integrated
antenna. If the device is close to its transition
temperature the gap frequency will be quite small, and it

wiil not really appear as a superconductor at far-infrared
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frequencies. The resistive part of the bolometer impedance
will cause heating to occur when the FIR power is applied,
and the subsequent temperature rise detected. Such a self-
heated transition-edge bolometer could be very sensitive, and

operate throughout the far-infrared.
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