Office de la Propriete Canadian CA 2133081 C 2001/12/25

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 133 081
Un organisme An agency of

d'Industrie Canada Industry Canada 12 BREVET CANADIEN

CANADIAN PATENT
13) C

(86) Date de dépot PCT/PCT Filing Date: 1992/06/11 (51) Cl.Int.°/Int.CI.° HO1L 27/146, G01J 5/20
(87) Date publication PCT/PCT Publication Date: 1993/12/23| (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2001/12/25 vvood, R. Andrew, US
(85) Entrée phase nationale/National Entry: 1994/09/27 (73) IEI)ngIrEI?(t\?\;IrEeL/I?mrg,r:US
(86) N demande PCT/PCT Application No.: US 92/04893
o o (74) Agent: SMART & BIGGAR
(87) N° publication PCT/PCT Publication No.: WO 93/25877

(54) Titre : UTILISATION DE L'ABX DANS DES CAPTEURS DE TYPE MICROBOLOMETRE
(54) Title: USE OF ABX IN MICROBOLOMETER SENSORS

| 04 O X-LINE 105
-1 2l

VOo

v
. . « & | .I -‘
. \ ' - ' " = . K . '

VOo '

107

19

(57) Abrége/Abstract:
In a microbolometer Infrared radiation sensor, a detector material (VO,) having a high thermal coefficient of resistance to

Increase the sensitivity of the apparatus.

B
.
'
e
BTN .
N : "c'-'-.n:‘-:{\: e L~
0

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




PCI‘ WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Burcau

e S R

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification  : (11) International Publication Number: WO 93/25877]
G01J 5/20 Al (43) International Publication Date: 23 December 1993 (23.12.93)
(21) International Application Number: PCT/US92/04893 | Published 1
With international search report.
(22) International Filing Date: 11 June 1992 (11.06.92)

(71) Applicant: HONEYWELL, INC. [US/US]; Honeywell Pla-
za, Minneapolis, MN 55408 (US).

(72) Inventor: WOOD, R., Andrew ; 150 Mission Lane East, | |
Bloomington, MN 55420 (US). |

(74) Agent: ATLASS, Michael, B.; Honeywell Inc., Honeywell
Plaza, MN12-8251, Minneapolis, MN 55408 (US).

(81) Designated States: CA, JP, European patent (AT, BE, CH,
DE, DK, ES, FR, GB, GR, IT, LU, MC, NL, SE).

(54) Title: USE OF VANADIUM OXIDE IN MICROBOLOMETER SENSORS

(57) Abstract

ol e,

In a microbolometer infrared radiation sensor, a detector material (VO,) having a high thermal coefficient of resistance
to increase the sensitivity of the apparatus. -
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USE OF ABy IN MICROBOLOMETER SENSORS

BACKGROUND AND SUMMARY OF THE INVENTION

) |

This 1nvention 1s directed to the field of
microbolometer infrared radiation sensors. Particularly
described herein 1s the use of a new detector material (ABy) 1in

the microbolometer sensor.

A monolithic integrated focal plane sensitive to both
mm-waves (typically 94GHz) and (typically 3-5 and 8-12

micrometers micron) IR radiation 1s constructed on a silicon

wafer by selective anisotropic etching to fabricate

microbolometer radiation sensors 1n a Jlilinear or two-dimensional

array. Sensors i1ntended for IR detection are coated with an IR

absorbing material. Those 1i1ntended for mm-wave sensing are

connected to metal film antennas deposited on the surface of

the si1licon wafer. In this structure there 1s combined known

silicon IC processing techniques with a rugged high-g-load-

tolerant structure that permits the thermal conduction losses

-

to approach the radiative losses of the element. Of particular

importance 1s the combining and interspersing of millimeter

wave sgsensors with high performance infrared sensors and

electronics on the same silicon chip, and fabricating in the

same processing steps.

The fabrication of novel three-dimensional
microelectronic devices 1n a semiconductor crystal, typically
silicon has been accomplished by fabricating the device through

many techniques i1ncluding isotropilic and anlsotropic etching.

These techniques utilize the crystalline structure of a single

crystal semiconductor. An example 1s the Johnson et al. patent

4,472,239, “Method of Making Semiconductor Device”, assigned to

the same assignee as the present invention. The referenced
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patent shows that the technigque 1s known to manufacture

micromechanical devices by etching into single crystal silicon.

g

The citation of this patent 1s provided merely as
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background and is not deemed as prior art to the specific

invention claimed in this application.

In the prior art, such as patent 3,801,949, there has
been taught an infrared sensitive solid—state imaging device
which is small in size and which has a two-dimensional array of
IR detector elements in an integrated microcircuit. The

detector array 1s fabricated on a single crystal silicon

substrate coated with a thin layer of electrical insulating
material, such as silicon dioxide or silicon nitride. Etched

openings are made 1n the silicon beneath the insulating laver

wherever a sensing element is desired for the purpose of
thermally i1solating the sensing elements from their
surroundings. In the present invention an integrated dual-mode
IR/millimeter-wave sensor array is taught. The section of the
magnetic spectrum including millimeter waves and 3-5 or 8-13
micrometers (micron) infrared radiation is shown in Figure 1.

The mm-waves of about 94GHz and the 3-12 micrometers (micron)

IR are several orders of magnitude apart in frequency and
devices for sensing or detecting these two categories differ
substantially. It is desired to fabricate a monolithic
integrated two-dimensional focal plane array which has array
elements sensitive to 3-5 and/or 8-12 micrometers (micron) IR

and elements sensitive to mm-waves. The elements incorporate

VO,. The individual integrated sensors are about 0.1 mm in size

and do not effectively couple the energy from the mm-waves

which are of greater wavelength. It has been discovered that

-when the integrated sensor elements intended for mm-wave

detection are provided with antennas (such as full wave dipoles

or bow-tie type) a successful mm-wave energy coupling apparatus

is achieved.
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In summary this 1nvention seeks to provide a
monolithic integrated microbolometer linear array radiation

detector for thermal imaging and thermal detection,

characterized by: a semiconductor body (19) having a plurality
5 of depressions (107) formed in a linear pattern on a first
surface of the semiconductor body (19); a plurality of thin
film dielectric members (21) each attached to the first
surface, at least at one location, and positioned to suspend
each dielectric member (21) as a thermally isolated structure
10 over a corresponding depression (107); a thin film layer of
vanadium oxide (20) embedded in each said dieiectric member
(21) at a location over the corresponding depression (107),
sald thin film layer having a high temperature coefficient of
resistance; and a contact for each thin film layer of wvanadium

15 oxide, adapted to couple to a measuring circuit.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a pertinent section of the

electromagnetic spectrum;

Figure 2a is one embodiment of a microsensor linear

array;

Fligure 2b discloses in two-dimensional geometry one

embodiment of an integrated dual-mode IR sensors and mm-wave

SENnsors;

Figure 3 shows a cross section of a microsensor

structure:;

Figure 4 shows the front surface detail of full-wave

dipole antenna integrated IR/mm-wave array;

Figures 5a and 5b show detail of high thermal

1solation microsensor;

Figure 6 shows the overall scanned array functional

dliagram;

Figure 7 and 8 show the dual mode sensor design using

pow—-tie microantenna design.

Figure 9 shows one embodiment of a dual-mode system

illustrated schematically in Figure 6.

DESCRIPTION

Referring now to Figure 2a there is shown a linear
geometry version of a monolithic integrated dual mode IR/mm-
wave microsensor linear array. Two-dimensional arrays may be
obtained by constructing several adjacent linear arrays. A
focal plane sensitive to both IR radiation (3-5 and/or 8-12

micrometers (micron)) and mm-waves is constructed on a
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semiconductor substrate wafer 10, such as monocrystalline
silicon. The microsensors 12 intended for IR sensing are
coated with an IR absorbing material such as a thin metal film.
The microsensors 13 intended for mm-wave sensing are connected
to metal film antennas 14 deposited on the surface of the

silicon wafer. A two dimensional geometry version is shown in

are formed on the other surface of the wafer. This embodiment

will be described later.

In Figure 3 there is shown a cross section of a
microsensor structure showing the thermal isolation
configuration as taught in paten 4,472,239, above referenced.
The microsensor imaging array is on a silicon chip 19, based
upon anisotropic silicon etching in which a small mass, thin
film radiation detector 20 is fabricated into a thermally
1solated dielectric cantilever structure 21 on the surface of
the silicon chip. The small mass and thermal isolation provide
arrays with excellent detector sensitivity and response time.
The millimeter-wave array uses planar dipole or bow-tie type

antennas to couple the mm-wave radiation to the thermally

lntegrating microsensors.

o . b s NAE SRR AL B . A B MEER T d Y e . permpnemt s e ° amos 2%%amss AD abbsasadiiNitdedn dbemn.al Al.on. 0. wunmihos 0. 0.000RE iR ¢S RAL
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In Figure 4 there 1s shown a detail of the front

surface of a full-wave dipole antenna type integrated

infrared/millimeter wave sensor electronically scanned linear

array. Interspersed with the multielement (ex.=300) IR
5 detector elements 12’ are a plurality (ex.=10) of antenna

coupled mm-wave elements 13’. Also shown in block form is a

bipolar pre-amp array 30 and an fet multiplexer 31. An IR/mm-
wave output signal 1s detected at 32. A partial cross section
of Figure 4 cut through the detector array 1s shown in Figure
10 5a. The silicon wafer 10 also includes a dielectric layer 33
and a copper ground plane 34. A detail of one of the high
thermal 1solation microsensors 35 1s shown 1in the balloon of
Figure 5b 1n which a resistor sensor 20 carrying dielectric

cantilever 21 1s thermally 1solated by the etch cavity 1in the

15 silicon.

A structure which 1s required to couple efficiently

to a mm-wave radiation filield must necessarily have dimensions

parn pre

of the order of about the wavelength, e.g. 3 millimeters at

p—re

94GHz. In the case of an uncooled sensor, a sensitive area

20 this large would lead to degraded responsivity or response

”

speed due to the i1ncreased thermal mass of the sensor. We

therefore require dimension of about 50 micrometers (a few

mils), and must therefore couple the sensor to the radiation

field via an antenna structure with dimensions of the order of
25 the wavelength. Since microsensor arrays can be conveniently

fabricated on silicon substrates by photolithographic

processes, we deslre the antenna and any coupling waveguides to

be planar i1n design.

The mm-wave array portion, such as shown in Figures

30 2a and 4, 1s further shown 1n Figure 6 and consists of a

silicon substrate 10’, upon which we use photolithography to

P

fabricate an array of planar dipole microantennas 40, coupling

T o e 13T e s
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wavegulides 41 and milcrosensors 13, with electrical leadouts to

an electronic readout circult as shown 1n Figure 6.

Millimeter-wave radiation 18 collected by the microantennas 40,

and coupled 41 to the dissipative load of the microsensors 13,

whose temperatures will rise causing the

A low-nolse electronic cilrcult 1ncluding

mux.42 and a row address mux.43 monitors

resistance to change.
a column address

the resistances of the

microsensor elements and provides electrical signals 44 to

output circuitry dependent on the application such as target

detection and recognition.
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The microsensor consists of a low-mass sensor element 20 which is almost
completely thermally 1solated from its supporting structure as shown earlier in Figure

3. 'A resistance element 1s fabricated on the sensor using a material whose resistance

changes with temperature. Any electrical power dissipated in this sensor resistance

5 - (e.g. by direct infrared radiation on the sensor or by mm-wave radiation coupled in
from an antenna) heats the sensor element 20 by an amount inversely proportional to
the sensor thermal mass and thermal conductance to the supporting structure. The
sensitivity of the microsensor requires a low thermal mass sensor and good thermal
1solation. The dissipated heat will flow to the supporting structure with a time

10 constant given by the sensor thermal-capacity times the thermal resistance to the
surroundings. This response time can be arranged to be milliseconds without
sacrificing sensitivity; faster response times can be achieved by trading off sensitivity.
The thin film resistance element has contacts adapted to be connected to an output
circuit. The electrical output signals are obtained by the use of a readout circuit

15  which is sensitive to reSistance changes in the microsensor resistance.

The ultimate signal to noise ratio of such a microsensor is achieved by the use
of a very small sensor thermal mass, and very high thermal isolation from the
supporting structure. The minimum noise level possible is due to Johnson noise in the
sensor load resistance, preamplifier noise and to fluctuations in the radiative and

20 conductive power interchanged between the sensor and its surroundings. In the case:
of mm-wave radiation coupled electrically into a microsensor from a microantenna,
the sensor may be coated with a highly reflective material so that radiation
interchange noise can be reduced to a low level. In this case the noise limits would be
due to a) Johnson noise, b) amplifier noise and ¢) thermal conduction noise.

25 Of particular importance is the very low conduction noise which is achieved
by the excellent thermal 1solation and low mass of the proposed structure. Using
typical parameter values demonstrated by the prototype devices, we calcu]éte that

noise equivalent power levels of 6x10-12 watts/\/Hz  are expected, assuming 75%
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coupling efficiency to the radiative mm-wave field. This

calculated figure 1s 1n close agreement with experimental data

obtalined on prototype devices.

Experimental Results

Prototype devices have been connected to an
electronic readout circult designed to display small resistance

changes on an oscilloscope. The sensors were installed in a

metal chamber that could be evacuated to vary the sensor
thermal leak. Windows of ZnS and glass were availlable to admit

IR and mm-wave radiation into the sensor chamber. A 10 Hz

]

chopper was mounted in front of the sensor window. A 1000°K

black body IR source was used to calibrate the sensor with an
IR intensity of 7x10°* W/CM°. A sensor response of about 100 mV
was oObserved with the sensor at atmospheric pressure, and about
400 mV with the sensor cell evacuated. A 3.2 mm (94GHz) CW

ocoacilillator source was used to 1lluminate the sensor with a mm-

wave intensity of about 2x10° w/CM° at the sensor. The

observed signal amplitude from the sensor was measured at 280

mV. The mm-wave signals 1ncreased 1n amplitude by about a

factor of four as the cell pressure was reduced from 10> to 10°
Pa. (760 to 0.5 torr.) i1ndicating that the signal was due to

the normal microsensor thermal response mechanism.

Microantenna Considerations

P

The properties of planar antennas lying on dielectric

(e.g. S1, Si3N;, S10,) surfaces are quite different from

——

antennas 1n homogeneous media. The principal differences are

1) the polar diagram 1s always heavily biased towards the

dielectric, so that efficient collection of radiation 1s biased

towards radiation incident from the dielectric side, and 2)
additional peaks in the polar diagram may occur: some peaks are

found along the substrate surface plane, 1ndicating coupling to

UREERIE L L > o T LTTE
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substrate surface waves with will lead to cross-talk between
adjacent antennas on that surface. Although the polar diagram
of a planar antenna on a dielectric substrate i1s heavily biased

towards the dielectric, this blas can be reversed by depositing

a metallic conducting ground plane (e.g. (2000°A) 0.2 micrometers

copper on the back surface of the silicon substrate as shown 1in

Figure 5a, so that all radiation 1s reflected towards the air
side, and the antenna only "“looks” towards the air. This

arrangement 1s very desirable, since IR sensors receilve
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radiation from the airside, and common reflective optics can
then be used for an array of mm-wave and IR-sensors fabricated

on the same silicon wafer.

An alternate modification alluded to earlier is the
5 use of “bow-tie” antenna designs where the incident radiation
1s through the dielectric substrate. Our tests have shown that
bow~tie antennas can be used in linear arrays to efficiently
collect mm-wave radiation incident through the substrate. 1In
this configuration the IR radiation is absorbed in the front
10 side detector elements while the mm-wave radiation passes
through he silicon wafer and is collected by the backside bow-
tle antennas (Figure 8). 1In this approach through-the-wafer
interconnects from antenna to sensor are preferably used. This

alternate approach offers good performance, with

15  Simple, planar geometry fabricated from metal films

deposited on Si wafer surfaces.

* A polar diagram heavily biased (by a factor n’),
where n 1s the refractive index, into the
dielectric, with beam width tailorable by

20 adjustment of the bow-tie angle as shown in

Figure 8.

® A resistive characteristic impedance, tailorable by

adjustment of the bow-tie angle, constant over wide

frequency range.

25 Coupling of Antenna to Microsensors

The simplest way of coupling a dipole antenna to a
radiation sensor is to fabricate the sensor between the arms of

the dipole and metallize the antenna to the sensor load. The

. s o viar ., v seme s . e e 1O . . WAL A - W @t A Sk T ARA AN Tl
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antenna impedance can be matched to sensor loads in the 100 ohm

range.

A High Sensitivity Detector Material

Referring again to Figure 3 which shows a cross

O section of a microsensor structure there is shown a detector
element 20. The requirements of a high sensitivity material

for microbolometer sensor detectors are

a) high thermal coefficient of resistance (TCR)
b) low 1/f noise

10 C) deposited in a thin film of less than 0.1

micrometers (<1000 angstroms)

d) process compatible with microbolometer fabrication

technology
€) no anomalous thermal capacity

15 ) film impedance compatible with microbolometer

read-out circuitry (100 to 100,000 ohms).

Vanadium oxides (preferably VO,) satisfy all these
requirements. Vanadium oxides have very strong changes in
resistance with temperature, allowing high sensitivity

20 microbolometer operation. The TCR is typically -0.01 to -0.04
per degree Centigrade, and much higher at the semiconductor—-to-
metal transition. This typical range is much higher than the
TCR for the detector material permalloy (previously used) which
1s approximately 0.0035 per degree Centigrade. The 1/f noise

25> can be kept low by the use of high conductivity VO, that is,
about 1000 ohms/square in (1000 angstrom) 0.1 micrometer films.
The VO, thin film detector 20 can be deposited directly onto the

dielectric layer 21 with a chosen film impedance. This

: 2000 & o . P =° ISTCLLE N Lo v nnn v was [ I I s 'L T NETEL Y 7 ABe S ®mna P ® = o
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deposition is preferably by the process of ion beam sputter

which permits the deposition of very thin layers using growth
conditions compatible with the silicon microbridge technology.
In the preferred embodiment at this time the VO, is operated in

1ts semiconductor phase. 2An increased thermal capacity occurs

at the semiconductor-to-metal phase transition, but is

acceptably low.

vl . serted Sl et Al odd whBedh . w18 1B mr s L PP e ha s vs  .w
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The embodiments of the invention in which an exclusive property or right is
claimed are defined as follows:

1. A monolithic integrated microbolometer linear array radiation detector for

¢

thermal imaging and thermal detection, characterized by

a semiconductor body (19) having a plurality of depressions (107)

Lh

formed in a linear pattem on a first surface of the semiconductor body (19);

a plurality of thin film dielectric members (21) each attached o the first
surfacé, at ieast at one location, and positicned to suspend each dielectric
member (Z1) as a themally isolated structure over a corresepending depression

10 (107): '

a thin film layer of vanadiumroxide (20) embedded in each said dieleciric
memoer (21) at a iocation over the corresponding depression {107), said thin
ﬁim' layer having a high temperature coefficient of resistance; and

a  contact fcr each thin ff!m layer cf vanadium oxide, adagted tc couple to

15 a measuring circuit.

2. The detector according to claim 1 in which the thin film layer of vanadium

oxide (20) is of a2 thickness < 0.1 micrometars.

3. The detector according to ciaim 1 in which the thin film layer of vanadium

oxide (20) has a resistivity on the order of 1000 Ohms per square.

20 4. The detector according to claim 1 in which the dielectric member (21) is

made of silicon nitride.

S. The detector according to claim 1 in which the semiconductor bady (10)

is of single crystalline silicon.
8.  The detector of claim 1. further characterized by one additicnal

25 integrated microsensor linear array radiation detector positioned on the same
semiconductor body (19) as the first integrated microsensor linear array

radiation detector.

AMENDED QLrr—
AMENDED SHEET
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7. The detector of claim 6, wherein the monolithic Integrated microsensor
linear arrays are located at the focal plane of a thermal Imaging system.

8. The detector of claim 1 wher'éin a subset of the plurality of fhin iim
layers of vanadium oxide are each coupled ic an antenna member.

S. The detector of claim 8 wherein the antenna member comprses a metai

him conductor having dimensicns on the order of the wavelength.

10.  The detector of ciaim © wherein the antenna member ccmprises a dipole

antenna disposed upon the thin film dielectric member.
11. The detector of claim 10 further characterized by a metailic ground plane

dispcsed on a second surface of the semiconductor bedy. cppaosite the first

suriace of the semiconducior bedy.
12.  Tne detector of claim 10 further characterized by an elecirically

conducting ground piane disposead cn the semiconductor Hody.

AMENDED SHEET
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