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Abstract: This view highlights a revolutionary change in IR
ellipsometry, namely, the incorporation and application of
tunable lasers. The presented instrumental developments
beyond classical FTIR-based approaches are coming pre-
cisely at the right time for today’s demands for in situ,
operando and hyperspectral characterization methods
required in bioanalytics, catalysis and surface science.
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Pioneered by Arnulf Röseler in the 1980s and 1990s,
FTIR-based infrared spectroscopic ellipsometry (IR-SE) [1]
became an established and routine non-destructive optical
method in research, metrology and process control of
thin films and functional surfaces. Coupling the IR ellipso-
metric technique to a Fourier-transform infrared (FTIR) spec-
trometerwasagroundbreakingmilestone that for thefirst time
made possible sensitive IR-SE measurements within minutes.

Combined with modern ultra-sensitive detectors,
laboratory FTIR-based IR-SE typically achieves thin-film
sensitive measurements of mm2 spot sizes and at 4 cm−1

spectral resolution within a few 10 s. However, driven by
today’s demand for in situ and operando characterization
methods in important technological and research fields
such as bioanalytics, catalysis and surface science, there is
an ever-growing need for contactless, sensitive and much

faster next-generation IR ellipsometers that overcome the
limitations of FTIR-based instruments.

In FTIR, the achievable optical throughput, spot size on
the sample, spectral resolution and signal-to-noise ratio are
dictated predominantly by the brilliance of the radiation
source, thus far typically a globar for lab devices. Not consid-
ering detection and electronics read-out times, the temporal
resolution of single-detector IR ellipsometers that deploy
sequential measurement routines in non-cyclic experiments is
limited by the interferometric measurement principle but also
by the time to move and/or rotate optical elements like
polarizers and phase manipulators. Beam-division or fast
polarization-modulation concepts can in principle circumvent
these constraints when using brilliant light sources.

The opportunity to overcome these limitations of
FTIR-based IR-SE came within reach for laboratory appli-
cations with the advent of tunable IR lasers—in particular,
quantum cascade lasers (QCLs)—as brilliant, portable
infrared light sources beyond free electron lasers and
synchrotron sources (see Refs. [2–5] and references
therein). Such QCLs provide coherent radiation at high
spectral resolution (<0.2 cm−1) for applications with high
throughput, sub-mm spot sizes, and excellent temporal
resolution.

Although QCLs have been available for decades, single-
wavelength lasers and tunable QCLs have only first been
incorporated into mid-IR ellipsometers in the late 2010s,
demonstrating theprospects for laser-based IRmappingand
spectroscopic ellipsometry of thin films. Frequency-domain
transmission and reflection measurement concepts based,
respectively, on photoelastic modulators (PEMs) and beam-
division single-shot schemes finally fully exploited the so far
untapped potential of the rapidly developing QCL technol-
ogy.Upcoming time-domain approaches such asdual-comb
techniques could also prove to be powerful applications of
QCLs in IR ellipsometry.

In fact, the successful implementation of QCLs in novel
ellipsometer designs in our opinion constitutes a revolu-
tion in IR ellipsometry, ushering in a new era of thin-film
and surface metrology for in situ investigations and
hyperspectral measurements far beyond the capabilities of
the FTIR technique.
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QCL-based IR ellipsometry combines a multitude of
new advantages—such as sub-second and sub-ms time
resolution, multi-timescale access, and the ability of
spatial focusing without sacrificing throughput—result-
ing in fundamental methodological advances of the
IR-ellipsometric technique.

The currently realized time resolution of up to 10 μs at
a single wavelength, and 100 ms or less for acquiring
full ellipsometric amplitude and phase spectra sets a
new milestone for in situ and operando measurements.
QCL-based IR ellipsometry therefore for the first time
enables the monitoring of non-cyclic and irreversible pro-
cesses and reactions on the sub-s or even sub-ms timescale.
IR-ellipsometric access to these timescales has been much
sought-after for applications in catalysis, process control,
microfluidics and thin-film research, and has now finally
become available in the lab.

Furthermore, IR laser ellipsometry offersmulti-timescale
capabilities, covering several magnitudes of order in time,
from hours down to the microsecond range. Facilitated by
single-shot concepts, environmental-robust measurements
over such vast timescales enable new technological appli-
cations of laser-based IR-SE. In thin-film reactions, binding
events and growth processes at solid–liquid interfaces, for
instance, anisotropic effects, structural modifications and
changes in molecular interactions often occur over different
timescales and can now be probed IR-ellipsometrically.

The sub-mm2 lateral resolution of IR laser ellipsometry
in combination with fast spectra acquisition also makes
possible detailed spatially resolved hyperspectral ampli-
tude and phase measurements of large sample areas within
a few min to 10 min. Thus, rapid imaging applications as
known fromVIS ellipsometry are now accessible in themid-
IR spectral range. Moreover, QCL ellipsometry in the IR
fingerprint region provides superior material specificity
while at the same time delivering comprehensive informa-
tion on sample properties such as thickness, ordering,
anisotropy, depolarization and molecular interactions.

Such extensive sample characterization prospects
present previously inaccessible opportunities in research
and thin-film metrology. For example, QCL-based IR-SE
allows the sub-second and sub-ms real-time monitoring
and ellipsometric analysis of dynamic processes and
reactions, which find application in studies of thin-film
phase-change materials [4] and in polymer processing [5].

Incorporating brilliant laser sources into IR-SE makes
available formerly unfeasible characterization set-ups, new
detection schemes and more convenient realizations of

optical paths for sensitive high-throughput measurements
at increased lateral and temporal resolution. For instance,
the implementation of fast PEM approaches facilitates IR
laser ellipsometry measurements independent of ambient
variations. Single-shot beam-division and dual-comb con-
cepts can even provide simultaneous amplitude and phase
information via the synchronized detection of different po-
larization states and channels. Laser-based IR-SE could thus
prove highly advantageous for field and process applica-
tions under varying environmental conditions.

In addition, the compactness and brilliance of QCL
radiation sources will bring forth new technological and
practical features of following IR laser ellipsometer gen-
erations. As the most important ones, we see instrument
portability, mobility and miniaturization but also the
coupling of laser-based IR-SE with other characterization
techniques such as optical microscopies, Raman spec-
troscopy, XPS, photothermal methods and UV/Vis or X-ray
imaging. In our view, these applications are likely to
cement the role of lasers in IR ellipsometry and lift the
technique to a new level of importance and usability in a
wide array of metrology and research fields.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: Europäischer Fonds für regionale
Entwicklung (EFRE) (1.8/13); Ministerium für Innovation,
Wissenschaft und Forschung des Landes Nordrhein-
Westfalen; Die Regierende Bürgermeisterin von Berlin –
Senatsverwaltung Wissenschaft, Gesundheit, Pflege und
Gleichstellung; Bundesministerium für Bildung und
Forschung; Federal Ministry of Education and Research
in the framework of the project CatLab (03EW0015A).
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

[1] A. Röseler, Thin Solid Films, vol. 234, nos. 1–2, pp. 307–313, 1993.
https://doi.org/10.1016/0040-6090(93)90275-t.

[2] M. S. Vitiello, G. Scalari, B. Williams, and P. De Natale, Opt.
Express, vol. 23, no. 4, pp. 5167–5182, 2015.

[3] K. Hinrichs, T. Shaykhutdinov, C. Kratz, and A. Furchner, J. Vac. Sci.
Technol. B, vol. 37, no. 6, p. 060801, 2019.

[4] A. Furchner, C. Kratz, J. Rappich, and K. Hinrichs,Opt. Lett., vol. 47,
no. 11, pp. 2834–2837, 2022.

[5] A. Ebner, R. Zimmerleiter, K. Hingerl, and M. Brandstetter,
Polymers, vol. 14, no. 7, pp. 1–10, 2022.

56 A. Furchner and K. Hinrichs: Mid-infrared laser ellipsometry: a new era beyond FTIR

https://doi.org/10.1016/0040-6090(93)90275-t

	Mid-infrared laser ellipsometry: a new era beyond FTIR
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


