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Abstract
This paper presents a complete microsystem micropyrometer, composed by the electronic system built in

CMOS technology added by Multi-chip-module (MCM) techniques, the pyrometer subsystem and a low-loss
optical lens and bandpass optical filters (1-4 µm) with inhomogeneous graded index metamaterials to simultane-
ously focus the light on the micropyrometer and for filtering in the desired range. The final goal is to obtain a
miniaturised self-calibrated micropyrometer to detect the infrared radiation (IR) in the 1-4 µm wavelength, for
measure the temperature of objects without the need of contact. The structure of micropyrometer consists of a
thermally insulated absorbing area and two thermopiles with the hot junctions placed in the absorbing area and
the cold junctions on the silicon bulk, which acts as heat sink. The complete microsystem is fabricated in silicon
planar technology and each thermopile has a different reference temperature, which is biased by a Peltier micro-
structure near the cold junction of the thermopile. The ground floor of all microsystem consists on a silicon die
with a passivation membrane made of silicon nitride. The absorbing area consists on a black gold strip on the
silicon nitride membrane, and it is obtained by anisotropic etching of the bulk silicon from the back of wafer.
1. Introduction
The measure of temperature is not always possible to do, by touching the bodies under test. Some of
the reasons includes for example the siderurgy industry, where the highest temperatures (as is the case
of the iron, whose melting point is around 1538º C) destroy the sensors. Another reason deals either
with the impossibility or with unusefulness to directly touch the surface under measure, as it is the
case of moving parts (for example, the rotors of electrical machines). Thus, the pyrometers revealed to
be equipments of great utility, since they allow to measure the temperature of objects, without the need
of physical contact. However, the commercially available pyrometers presents a serious limitation,
e.g., the value to be measured depends on the emissivity of the surface of the object whose tempera-
ture will be measured. Moreover, this type of equipment is very expensive, thus it puts very difficul-
ties when it is to be used in production lines that requires control of temperature, as it is the case of
dyeing in the textile industry. The micropyrometer presented in this paper is based on a new method of
contactless measuring the surface temperature and the emissivity of objects. This method uses two
thermopiles with two different reference temperatures, which are biased by the Peltier devices, e.g.,
with the perfect and error-free knowledge of temperatures. Therefore, these two readings makes possi-
ble to measure the temperature of distant objects independently of its emissivity - e.g., from the equa-
tion (4), presented further.
2. Modelling
Considering a sensor at a temperature, Ts1 [K], when this is exposed to a body at a certain temperature,
T [K], the voltage, V1 [V], at its output is given by the Stefan's Law:
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where σ is the emissivity of the body, Ts1 is the temperature in the sensor 1, T is the target temperature
(e.g., the temperature to be determined), and K is a sensor constant. If a different temperature, Ts2 [K],
is present in another sensor 2, in a way that both sensors are distributed in order to equally receive the
same amount of radiation, then the voltage, V2 [V], on this second sensor is also given by:
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The ratio of the voltages, V1 and V2, will results in:
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After an arrangement of the previous equation, and given the two output voltages and the two tem-
peratures in both sensors, the target temperature is easily known and given by:
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The equation (4) is of major interest, be-
cause it's the proof of the concept behind
the proposed micropyrometer, where it was
refereed that the known of the exact tem-
perature references (provided by the Peltier
devices) leads to a perfect knowledge of
the target temperature, T [K]. Figure 1 was
obtained from the Plank's Law, and shows
that the radiancy for a given wavelength is
temperature dependent, thus the knowl-
edge of this value also allow to know the
exact value of the temperature (it must be
noted that the figure didn't took in account
the effect of the bandpass effect).

For temperatures between 300 K and
2000 K, the maximum sensitivity on the
receiver, taken from the Plank's Law im-
poses that the micropyrometer must oper-
ate in the 1-4 µm range, e.g., for frequen-
cies ranging from 300 THz to 75 THz.

3. IR metamaterial lens and optical bandpass filters
A. Motivation
Optical filters for infrared in dielectric materials need a multilayer stack of two different materials
with very different refractive indexes (for example, silicon dioxide, SiO2, and titanium dioxide, TiO2)
with more than a set of ten layers (minimum for the range that we are interested). Also, the thickness
of each layer (accuracy with two decimal places in nanometers) is difficult to obtain by sputtering
deposition. Therefore, an infrared metamaterials lens and bandpass optical filter it is a remarkable so-
lution for this type of micropyrometer devices. Off course the loss in transmission is higher but it
compensates in fabrication.
B. Design
It has been recently realised that metamaterials (artificial electromagnetic materials with engineered
properties) can be designed to control electromagnetic fields in rather general ways. The concept of
transformation optics, which is based on finding artificial materials that create the desired configura-
tion of electromagnetic fields, has been developed by several research teams [1]. Thus, this pushed the
efforts in the last years, towards the realisation of negative index materials (NIMs) at optical frequen-
cies. This has included numerical studies of infrared magnetic metamaterials and NIMs and experi-
mental demonstrations of THz, mid-infrared and near-infrared magnetic metamaterials as well as
near-infrared NIMs. The NIM structure incorporates a negative electric permittivity, ε, resulting from
an array of thin metal wires parallel to the direction of electric field and a negative magnetic perme-
ability (µ) resulting from a pair of finite-width metal stripes separated by a dielectric layer along the
direction of the incident magnetic field. The values of ε and µ, at a fixed wavelength of the incident
light, can be independently controlled by manipulating the width of the metal wires, shifting the reso-
nance frequency of the structure and so changing the value of the refractive index n=(εµ)1/2 while
keeping small variations in the impedance (µ/ε)1/2 and hence in the transmission [2,3]. To meet the
optical requirements in the optical band (1-4 µm range), a four-layered Au/dielectric/Au/glass-
substrate with squared cavities of 1 µm side (see Figure 2) must be fabricated and assembled using

Fig. 1: Selected wavelength range, which was obtained
from the Plank's Law.
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multi-chip-module (MCM) techniques above the micropyrometer (Figure 3) [4]. The dielectric mate-
rial can be silicon oxide or silicon nitride.
4. Design of micropyrometer
Figure 3 shows an artwork of the proposed micropyrometer. The materials for the Peltier converters
and the Seebeck elements are antimony and bismuth tellurides [5]. For each pyrometer an optical lens
with bandpass characteristics must be designed to simultaneously focus the radiation and for filtering
the spectrum, let passing the IR radiation in the 1-4 µm range.
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Fig. 2: The metamaterials multilayer stack. Fig. 3: An artwork of the complete microsystem with a lens and
optical filter made in metamaterials to simultaneously focus the
radiation and for filtering in the desired infrared range.

5. Conclusion
This paper presents a new concept for a miniaturised self-calibrated pyrometer microsystem assembled
with interface electronics to detect and to quantify the amount of infrared radiation in the 1-4 µm
wavelength range in order to measure the temperature of an object without the need of physical con-
tact. The target application of this micropyrometer, is to measure temperature in production lines that
requires its control in real-time, as is the case of a textile dyeing. The ultimate innovation deals with
the design and fabrication of a low-loss lens and optical filter in metamaterials for IR radiation in the
1-4 µm range.

References
[1] S. A. Tretyakov, I.S. Nefedov, and P. Alitalo, "Generalized field-transforming metamaterials", New

Journal of Physics, Vol. 10, No. 11, pp. 115028, 2008.
[2] S. Smolev, S. R. Bruck, "Graded index optical lens using inhomogeneous metamaterials", in Proc. Con-

ference on Lasers and Electro-Optics, Advanced Materials and Methods, San Jose, May 2008.
[3] S. Zhang, W. Fan, N. C. Panoiu, K. J. Malloy, R. M. Osgood and S. R. J. Brueck, “Demonstration of

near-infrared negative-index metamaterials”, Physics Review Letters, Vol. 95, 137404, 2005.
[4] S. Zhang, W. Fan, N. C. Panoiu, K. J. Malloy, R. M. Osgood, and S. R. J. Brueck, "Optical negative-

index bulk metamaterials consisting of 2D perforated metal-dielectric stacks", Optics Express, Vol. 14,
No. 15, pp. 6778-6787, July 2006.

[5] L. M. Gonçalves, C. Couto, P. Alpuim, J. H. Correia, "Thermoelectric micro converters for cooling and
energy-scavenging systems", Journal Micromechanics and Microengineering, IOP: Institute of Physics
Publishing, pp. 1-5, Vol. 18, No. 6, June 2008.

Acknowledgements
This work was fully supported by FCT/PTDC/EEA-ENE/66855/2006 project and CRIOLAB company.

3rd International Congress on Advanced 
Electromagnetic Materials in Microwaves and Optics

ISBN 978-0-9551179-6-1 ©2009 Metamorphose-VI724



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d00610074006300680020007400680065002000220053007500670067006500730074006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




