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Description

[0001] The present invention relates to a spectrom-
eter for gas concentration measurement.

[0002] The invention is intended for use in the anal-
ysis of optical emission or absorption spectra in the vis-
ible and IR range.

[0003] Nondispersive optical spectrum analyzers
conventionally use different types of optical filters. An
important category of these is comprised by bandpass
filters, typically tuned to a fixed wavelength. If measure-
ment is desired to be carried out on two wavelengths,
two filters are required with a change-over mechanism
to change the filter position in an appropriate manner, or
alternatively, a separate detector is placed behind each
filter. The filter change operation is conventionally
implemented by means of a rotating disk to which the fil-
ters are attached. During the rotation of the disk, the
detector output signal is obtained as an AC voltage (or
current) which is a more advantageous form of the
measurement output signal than a DC signal.

[0004] A problem of the rotating disk mechanism is
its relatively short service life due to wear of the bear-
ings. Also the size of the rotating motor and the disk
makes real system miniaturization impossible. An
advantageous embodiment would be a filter construc-
tion in which the bandpass center wavelength could be
electrically tuned without the need for any movable
parts involving wear in continuous use.

[0005] Electrostatically tunable, silicon-based inter-
ferometers fabricated by micromechanical techniques
are known from publications 1,8 and 2. The construction
disclosed in cited publications 1 and 8 is comprised by a
bulk component made by micromechanical techniques
from two or three silicon wafers. Such a construction
requires auxiliary electrostatic deflection electrodes for
the parallelism control of the interferometer mirrors.
[0006] Cited publication 2 discloses a surface
micromechanical, electrostatically tunable interferom-
eter array for use in the visible light range. The size of
the individual interferometers in the array is as small as
20x20 pm?. Interferometers of this small size can be
used only in conjunction with single-mode optical fibers.
[0007] The IR source according to conventional
techniques typically is a temperature-stabilized, mas-
sive bulk component with no means of intensity modula-
tion.

[0008] Known manufacturing techniques of microe-
lectronics and micromechanics also offer a facility of
manufacturing miniature-size, electrically modulatable
radiation sources from silicon 3,4,5. The structure of
these components is formed by polysilicon thin films
with a typical thickness of approx. 1 um and a length of
hundreds of um. Their width may vary from a few pm to
tens of um. The thermal capacity of such a silicon glow
filament is so low that a modulation frequency of hun-
dreds of Hz can be used.

[0009] Infrared detectors manufactured using sili-
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con micromechanical techniques are known from, e.g.,
publications 6 and 7.

[0010] It is an object of the present invention to
overcome the drawbacks of the above-described tech-
nigues and to provide an entirely novel type of miniatur-
ized, integrated spectrometer.

[0011] The goal of the invention is achieved by inte-
grating all components including radiation source,
detector and control electronics on a single, planar sub-
strate.

[0012] More specifically, the spectrometer accord-
ing to the invention is characterized by the features of
claim 1.

[0013] The invention offers significant benefits.
[0014] All subunits of the spectrometer can be
mass-produced, whereby an advantageous cost struc-
ture of the components is attained. Further, encapsula-
tion of the spectrometer in a standard package offers
cost benefits. The spectrometer can be mounted on a
printed-circuit board thus facilitating the manufacture of
a miniature-size analyzer incorporating a processor.
The spectrometer functions are comprehensively user-
programmable. Particularly for carbon dioxide concen-
tration measurement applications the spectrometer can
be manufactured so cost-effectively as to make its use
as, e.g., the sensor element of a ventilation system eco-
nomically viable.

[0015] In the following, the invention will be exam-
ined in more detail by means of exemplifying embodi-
ments with reference to the attached drawings, in which:

Figure 1ais a side view of a first embodiment of the
integrated spectrometer according to the invention;

Figure 1b is a top view of the embodiment of the
integrated spectrometer according to the invention;

Figure 1c is a side view of another embodiment of
the integrated spectrometer according to the inven-
tion;

Figure 2 is a side and top view of a packaged
embodiment of the spectrometer according to the
invention;

Figure 3 is a block diagram of the functions of the
integrated spectrometer according to the invention;

Figure 4ais a graph showing the intensity transmis-
sion curve of a spectrometer embodiment accord-
ing to the invention plotted as intensity vs.
wavelength;

Figure 4b is a graph showing the passband center
wavelength control of a spectrometer embodiment

according to the invention as a function of time;

Figure 5a is a top view of an embodiment of the
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radiation source employed in the spectrometer
according to the invention;

Figure 5b is a sectional side view of the radiation
source illustrated in Fig. 5a;

Figure 6 is a longitudinally sectional side view of a
Fabry-Perot interferometer embodiment used in the
spectrometer according to the invention;

Figure 7a is a top view of the IR detector in the
structure according to the invention; and

Figure 7b is a cross-sectional side view of the struc-
ture illustrated in Fig. 7a.

[0016] A spectrometer can be employed in the anal-
ysis of emission or absorption spectra. Absorption
measurements require the use of the spectrometer's
own radiation source, while emission measurements
can be performed without activating the source.

[0017] Referring to Fig. 1, a miniaturized spectrom-
eter according to the invention is shown in a longitudi-
nally sectional view. Here, onto a silicon substrate 1 is
integrated a radiation-sensitive detector 5. Further, an
electronics microcircuit 2, a radiation source 3 and a
Fabry-Perot interferometer 4 are integrated on the sili-
con substrate 1. An external mirror 6 brings the incom-
ing radiation into focus on the interferometer. The IR
radiation source 3, the detector 5 as well as the interfer-
ometer 4 are implemented in silicon micro-mechanics.
The mutual order of these sections 2, 3 and 4 may be
varied. Black balls 20 depict solder globules used in the
flip-chip bonding technique.

[0018] Referring to Fig. 1c, alumina may also be
used as the substrate material. In this embodiment the
detector 5 is placed on the opposite side of the sub-
strate relative to the interferometer, and the radiation
path is formed by an opening 24 made to the substrate.
The radiation source 3 and the detector are placed at
the extreme opposite ends of the component to provide
maximum length of the optical path. Also the mirror 6
can be made larger in the embodiment. Optionally, a
dual-part mirror can be used. As an alternative bonding
technique is herein shown the gluing 22 of the compo-
nents at one corner only to avoid problems associated
with thermal expansion. Another method of overcoming
this problem is to use a resilient adhesive. The electrical
contacts are made by wire bonding 23. The radiation
source 3 can be provided with a reflecting surface 25 to
maximize the optical output power and to prevent the
heating of the substrate 1. The surface 25 may be an
evaporated gold layer, or alternatively, a multilayer sili-
con mirror.

[0019] Referring to Fig. 2, the spectrometer can be
encapsulated in, e.g., a DIL (Dual-in-Line) package 6.
The cover of the package can be provided with open-
ings 10 for unobstructed passage of radiation.
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[0020] Referring to Fig. 3, the microcircuit 2 incor-
porates all electronic functions required by the analyzer.
A preamplifier 11 of the detector performs front-end
amplification of the measurement signal obtained from
the detector 5. The control of the radiation source 3 is
accomplished by means of a controller 12 incorporating
a D/A converter, an oscillator and a driver stage. A
phase-locked amplifier 13 is employed to synchronize
the detection process with the control of the radiation
source 3. The interferometer driver section 14 incorpo-
rates a D/A converter and an amplifier. The function of
the driver section 14 is to control the center wavelength
of the passband of the interferometer 4. An input/output
port 15 makes it possible to connect the spectrometer to
an external microcomputer 16. The microcomputer can
thus control the spectrometer as well as control/set the
oscillator frequency of the IR radiation source 3 and the
sweep mode of the interferometer 4. The microcom-
puter 16 also performs data collection from the output
signal of the phase-locked amplifier 13.

[0021] Referring to Fig. 4a, a typical spectrum
measured using the interferometer is shown. The func-
tion of the interferometer is further elucidated in Fig. 4b.
The center wavelength of the interferometer passband
is stepped in a desired manner by applying an appropri-
ate control to the driver section 14 of the interferometer
4. By stabilizing the passband to a desired wavelength
for the duration of an appropriate time At, data collection
can be performed from the output signal of the phase-
locked amplifier 13. The duration At of each measure-
ment step can be varied according to the intensity of the
impinging radiation, that is, a longer data collection time
can be allocated for measuring a wavelength compo-
nent with a weaker intensity. Further processing of the
raw data can be performed with the help of the micro-
computer 16.

[0022] Besides those depicted, the microcircuit may
provide alternative functions. Hence, the above-given
description should be understood as not limiting the
function of the invention.

[0023] The IR radiation source of the spectrometer
is formed by a micromachined glow filament, or a micro-
lamp, having a basic structure illustrated in Fig. 5.
[0024] The emitting elements are formed by electri-
cally in parallel connected glow filaments 50 comprising
silicon nitride coated thin-film polysilicon or tungsten
wires. The substrate material 52 is monocrystalline sili-
con into which is etched a well 54 under the glow fila-
ments 50 for the purpose of reducing heat dissipation
losses. The emitting surface area is typically about a
square millimeter. When desired, also the radiation
source may be integrated into the substrate in the same
fashion as the detector.

[0025] The interferometer section is formed by a sil-
icon micro-mechanically manufactured, electrically tun-
able, optical Fabry-Perot resonator. The basic structure
of the interferometer is shown in Fig. 6. The resonator
length is controlled by means of an electrical field
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applied between the resonator mirrors.

[0026] Deposited on a monocrystalline silicon sub-
strate 62, the interferometer comprises a multilayer
structure in which the three uppermost layers form a
first mirror 70. The second mirror 72 comprises the four
lowermost layers deposited onto the substrate 62. A
nitride layer 66 formed on the underside of the substrate
62 serves as an anti-reflection layer. The optical resona-
tor is formed in the center part of the cavity 73 between
the mirrors 70 and 72. The area of the optical cross sec-
tion is about a square millimeter. Flip-chip bonding is
made to metallized areas 68. In the diagram, the simi-
larly oblique-hatched areas 64 are polysilicon and the
white areas 60, respectively, (with the exception of the
cavity 73) are silicon oxide.

[0027] The substrate comprises a square silicon
chip having the IR detector 78 integrated on it. The
basic structure of the substrate is shown in Fig. 7. The
substrate size is approx. 5x13 mmZ.

[0028] Squares 76 marked with black are the flip-
chip bonding and wire connection areas.

[0029] The substrate has additional, not shown
thin-film conducting patterns. Substrate silicon has
been removed from under the detector 78. The detector
78 may be a thermopile or bolometer detector in the IR
range and a silicon photodiode in the visible wavelength
range.

[0030] Also the interferometer 4 and/or the control
electronics circuitry 2 may be integrated onto the sub-
strate 1.

[0031] The embodiment according to the invention
is particularly suited for the measurement of carbon
dioxide concentrations. Other advantageous applica-
tions could be found in the measurement of industrial
process gases with a high concentration.
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Claims

1. A spectrometer for gas concentration measure-
ment, said spectrometer comprising

- aradiation source (3) for admitting electromag-
netic radiation onto the gas to be measured,

- adetector (5) for detecting the radiation trans-
mitted through or emitted from the gas,

- an electrically tunable Fabry-Perot interferom-
eter (4) placed in the path of the radiation prior
to the detector (5),

- control electronics circuitry (2) for controlling
the radiation source (3), the interferometer (4)
and the detector (5),
characterized in that

- the radiation source (3), the detector (5), the
interferometer (4) and the control electronics
(2) are integrated in a miniaturized fashion onto
a common, planar substrate (1), and

- the radiation source (3) is an electrically modu-
latable micromechanically manufactured ther-
mal radiation emitter.

2. A spectrometer as defined in claim 1, character-
ized in that in the immediate vicinity of the spec-
trometer is placed an external mirror (6) for
implementing absorption measurement.

3. A spectrometer as defined in claim 1 or 2, charac-
terized in that the control electronics circuitry (2)
comprises a preamplifier (11) of the detector for
amplifying the signal of the detector (5), a drive (12)
of the radiation source, a phase-locked amplifier
(13), a driver (14) of the interferometer and an
input/output port (15) suited for interconnecting the
spectrometer with an external computer (16).

4. A spectrometer as defined in any of claims 1 to 3,
characterized in that the detector (5) is integrated
onto the substrate (1).

5. A spectrometer as defined in any of claims 1 to 4,
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characterized in that the radiation source (3) is
integrated onto the substrate (1).

A spectrometer as defined in any of claims 1 to 5,
characterized in that the interferometer (4) is inte-
grated onto the substrate (1).

A spectrometer as defined in any of claims 1 to 6,
characterized in that the control electronics cir-
cuitry (2) is integrated onto the substrate (1).

A spectrometer as defined in any of claims 1 to 7,
characterized in that the detector (5) is a thermo-
pile.

A spectrometer as defined in any of claims 1 to 7,
characterized in that the detector (5) is a bolom-
eter.

A spectrometer as defined in any of claims 1 to 7,
characterized in that the detector (5) is a photodi-
ode.

A spectrometer as defined in any of claims 1 to 10,
characterized in that the elements (2, 3, 4) are
bonded onto the substrate using flip-chip tech-
nigues.

A spectrometer as defined in any of claims 1 to 11,
characterized in that the spectrometer is encapsu-
lated in a DIL package.

A spectrometer as defined in claim 12, character-
ized in that the package (6) is provided with open-
ings (10) in order to provide unobstructed passage
of the measured radiation.

Patentanspriiche

1.

Spektrometer zur Gaskonzentrationsmessung mit:

einer Strahlungsquelle (3) zum Beaufschlagen
des zu messenden Gases mit elektromagneti-
scher Strahlung;

einem Detektor (5) zum Erfassen der durch
das Gas geleiteten bzw. aus dem Gas emittier-
ten Strahlung; einem im Strahlenweg vor dem
Detektor (5) angeordneten elektrisch abstim-
mibaren Fabry-Perot-Interferometer (4); und
einer elektronischen Steuerschaltung (2) zum
Steuern der Strahlungsquelle (3), des Interfe-
rometers (4) und des Detektors (5),

dadurch gekennzeichnet, dass

die Strahlungsquelle (3), der Detektor (5), das
Interferometer (4) und die Steuerungselektro-
nik (2) in miniaturisierter Ausfuhrung auf ein
gemeinsames planares Substrat (1) integriert
sind, und dass
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10.

11.

die Strahlungsquelle (3) ein elektrisch modu-
lierbarer, mikromechanisch gefertigter Warme-
strahlungs-Emitter ist.

Spektrometer nach Anspruch 1, dadurch gekenn-
zeichnet, dass:

in unmittelbarer Nahe des Spektrometers ein
ausserer Spiegel (6) zum Durchfiihren einer
Absorptionsmessung angeordnet ist.

Spektrometer nach Anspruch 1 oder 2, dadurch
gekennzeichnet, dass:

die elektronische Steuerschaltung (2) aufweist
einen Vorverstarker (11) des Detektors zum
Verstarken des Signals des Detektors (5),
einen Treiber (12) fur die Strahlungsquelle,
einen phasenstarren Verstarker (13), einen
Treiber (14) des Interferometers und einen zum
Verbinden des Spektrometers mit einem exter-
nen Computer (16) geeigneten Eingangs-/Aus-
gangskanal (15).

Spektrometer nach einem der Anspriiche 1 bis 3,
dadurch gekennzeichnet, dass der Detektor (5) auf
das Substrat (1) integriert ist.

Spektrometer nach einem der Anspriiche 1 bis 4,
dadurch gekennzeichnet, dass die Strahlungs-
quelle (3) auf das Substrat (1) integriert ist.

Spektrometer nach einem der Anspriiche 1 bis 5,
dadurch gekennzeichnet, dass das Interferometer
(4) auf das Substrat (1) integriert ist.

Spektrometer nach einem der Anspriche 1 bis 6,
dadurch gekennzeichnet, dass die elektronische
Steuerschaltung (2) auf das Substrat (1) integriert
ist.

Spektrometer nach einem der Anspriiche 1 bis 7,
dadurch gekennzeichnet, dass der Detektor (5)
eine Thermosaule ist.

Spektrometer nach einem der Anspriiche 1 bis 7,
dadurch gekennzeichnet, dass der Detektor (5) ein
Bolometer ist.

Spektrometer nach einem der Anspriiche 1 bis 7,
dadurch gekennzeichnet, dass der Detektor (5)
eine Photodiode ist.

Spektrometer nach einem der Anspriiche 1 bis 10,
dadurch gekennzeichnet, dass die Elemente (2, 3,
4) nach dem Flip-Chip-Verfahren mit dem Substrat
verbunden sind.
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Spektrometer nach einem der Anspriiche 1 bis 11,
dadurch gekennzeichnet, dass das Spektrometer in
einem DIL-Gehause gekapselt ist.

Spektrometer nach Anspruch 12, dadurch gekenn-
zeichnet, dass das Gehause (6) mit Offnungen (10)
versehen ist, um einen ungehinderten Durchgang
der gemessenen Strahlung zu gewahrleisten.

Revendications

Spectrométre permettant de mesurer la concentra-
tion en gaz, ledit spectrométre comprenant :

- une source de rayonnement (3) pour l'admis-
sion d'un rayonnement électromagnétique sur
le gaz devant étre mesuré,

- un détecteur (5) pour la détection du rayonne-
ment transmis a travers ou émis par le gaz,

- un interférométre de Fabry-Perot (4) accorda-
ble électriquement placé sur la trajectoire du
rayonnement avant le détecteur (5),

- un ensemble de circuits électroniques de com-
mande (2) pour commander la source de
rayonnement (3), linterférométre (4) et le
détecteur (5),
caractérisé en ce que :

- la source de rayonnement (3), le détecteur (5),
l'interférometre (4) et I'électronique de com-
mande (2) sont intégrés, sous une forme minia-
turisée, sur un substrat commun et plan (1), et

- la source de rayonnement (3) est un émetteur
de rayonnement thermique modulable électri-
quement et fabriqué par micromécanique.

Spectromeétre selon la revendication 1, caractérisé
en ce qu'un miroir externe (6) permettant la mise en
oeuvre de la mesure de l'absorption est placé a
proximité immédiate du spectrométre.

Spectromeétre selon la revendication 1 ou 2, carac-
térisé en ce que I'ensemble de circuits électroni-
ques de commande (2) comprend un
préamplificateur (11) du détecteur pour l'amplifica-
tion du signal du détecteur (5), une transmission
(12) de la source de rayonnement, un amplificateur
asservi en phase (13), un pilote (14) de l'interféro-
metre et un port d'entrée/sortie (15) adapté pour
l'interconnexion du spectrométre avec un ordina-
teur externe (16).

Spectrométre selon I'une quelconque des revendi-
cations 1 a 3, caractérisé en ce que le détecteur (5)
est intégré sur le substrat (1).

Spectromeétre selon I'une quelconque des revendi-
cations 1 a 4, caractérisé en ce que la source de
rayonnement (3) est intégrée sur le substrat (1).
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6.

10.

11.

12.

13.

10

Spectromeétre selon l'une quelconque des revendi-
cations 1 a 5, caractérisé en ce que l'interféromeétre
(4) est intégré sur le substrat (1).

Spectromeétre selon I'une quelconque des revendi-
cations 1 a 6, caractérisé en ce que I'ensemble de
circuits électroniques de commande (2) est intégré
sur le substrat (1).

Spectrométre selon I'une quelconque des revendi-
cations 1 a 7, caractérisé en ce que le détecteur (5)
est une thermopile.

Spectromeétre selon l'une quelconque des revendi-
cations 1 a 7, caractérisé en ce que le détecteur (5)
est un bolométre.

Spectrometre selon I'une quelconque des revendi-
cations 1 a 7, caractérisé en ce que le détecteur (5)
est une photodiode.

Spectrometre selon l'une quelconque des revendi-
cations 1 a 10, caractérisé en ce que les éléments
(2, 3, 4) sont reliés sur le substrat en utilisant des
techniques de puce a protubérances.

Spectromeétre selon I'une quelconque des revendi-
cations 1 a 11, caractérisé en ce que le spectromeé-
tre est encapsulé dans un boitier & double rangée
de broches.

Spectromeétre selon la revendication 12, caractérisé
en ce que le boitier (6) est muni d'ouvertures (10)
permettant de fournir un passage sans obstacle du
rayonnement mesureé.
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