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ABSTRACT: The transmittance values measured in IR reflection-absorption (RA) spectra were used to 
determine the optical constants of dielectric films laid on solid substrates. When the recorded spectra show 
interference fringes, one can determine the film thickness. The PbSe film thickness was obtained by 
interpreting the interference fringes from the reflexion-absorption IR spectra recorded at two different 
incidence angles. In order to obtain the optical constants of PbSe films laid on steel we used dispersion 
analysis. The dispersion analysis offers the advantage of processing a large volume of data.  
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 INTRODUCTION 

 
Lead selenide (PbSe), is a semiconductor material used in manufacturing infrared detectors, in 

the solar cell fabrication, window screen and anti-reflection coatings. The study of optical properties 
in the IR is important for many of its applications. 

If we assume the reflection of radiation on 
a flat surface coated with a thin film as shown in 
Figure 1, part of the radiation is reflected from 
the air-film interface (radius 1). The other part 
through the film, will be reflected at the film-
substrate interface and then emerge from the 
film (radius 2). The recorded spectrum is a 
reflection-absorption (RA) spectrum and is very 
similar to the transmission spectrum of the film. 

In order to determine the optical properties 
of the surface film we used dispersion analysis of 
reflection-absorption spectrum [1]. The spectra 
used should be free of interference fringes especially if absorption bands appear. The IR spectra 
showing interference fringes can be processed by dispersion analysis if they do not contain absorption 
bands. 

Dispersion analysis is based on building an appropriate model for dielectric function and 
calculating the optical properties corresponding to this model. The best known is Drude-Lorentz model 
[2] which defines the electric permittivity: 
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 It describes the optical response of a set of harmonic (damped) oscillators. In this relation, ε∞ is 
so-called "high-frequency dielectric constant”, which represents the contribution of all oscillators at 
very high frequencies (compared to frequency range under consideration). The parameters νpj, ν0j and 
γj are the “plasma” frequency, the transverse frequency (eigen-frequency), and the line-width 
(scattering rate), respectively of the j-th Lorentz oscillator. For the proposed model, from 
permittivity, we can calculate all optical quantities such as reflectance R and transmittance T. The 
spectrum of these theoretically calculated quantities is compared with those experimentally 
determined.  

Suppose, we have a set of N experimental data points {xj, yj, σj} (j = 1, .... N) that we want to 
fit. Here, xj is the light frequency, yj is the data value, and σj is the data error bar. For a set of M 
internal parameters, the values y = f (x, p1, .... PM) are calculated based on the model. 

 
Figure 1. The specular reflection of radiation from 

a thin film deposited on glass surface 
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The so-called Levenberg-Marquardt algorithm is used to minimize the value: 
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Fitting process stops when the stopping criterion is met [3]. 
If the surface film is thin, non-absorbent (k = 0), with thickness between 1μm and 100 μm, the IR 

spectrum shows the interference fringes. 
The radiation reflected at the air-film interface can interfere with the transflective radiation 

(which runs through the film twice and then is reflected at the film-substrate interface), and the 
interference fringes are obtained. 

Certain conditions must be met to obtain interference fringes used in quantitative 
measurements: 
− the film should have even thickness; 
− the intensities of radiation that interfere should be comparable in value 
− only spectral region should be used, in which the film is not absorbent; 
− the film thickness must be comparable to the wavelength (between 2 μm and 20 μm for an IR 

spectrum) [4,5]. 
If the wavelength of incident radiation is changed continuously when the resulting spectrum 

contains maxima and minima for those wavelengths at which constructive or destructive interference 
occurs. When constructive interference occurs, we can write the condition for interference maxima: 

λϕ knd =cos2                         (3)    
 Because k can be any integer, there are only certain values of λ for which constructive 
interference occurs. The difference between two values of k and k′ corresponding to two wavelengths λ 
and λ′ is the number of cycles of maxima in the recorded spectrum. Thus we can write for the two 
wavelengths relations: 

λϕ knd =cos2  and λϕ ′′= knd cos2                                 (4) 
 Since we can determine the difference between k and k′ by counting cycles of maxima, we can 
write: 
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 In this relation N is the number of inter-fringes in the spectral range ννν ′−=Δ ~~~ and ϕ is the 
angle of refraction of radiation at the air-film interface. If the surface film is optically non-absorbent 
(k = 0), the angle of refraction is a real parameter and is related to the angle of incidence by Snell's 
relationship:    

ϕϕ sinsin 0 ⋅= n             (6) 
The two sizes n and d corresponding to surface film can be determined if we analyze the 

reflection-absorption spectra, showing interference fringes recorded at two different incidence angles 
ϕ01 şi ϕ02 [4,6]. 

In the spectrum recorded at ϕ01 incidence angle, N1 fringes are observed for the spectral 
range 111

~~~ ννν ′−=Δ  and in the spectrum recorded at ϕ02 incidence angle, N2 fringes are observed for 
the spectral range 222

~~~ ννν ′−=Δ . If we assume that the refractive index n of the surface film is 
constant for the two spectral ranges, we can write the system of equations:  

  ( )1111
~~cos2 ννϕ ′−= ndN , respectively ( )2222

~~cos2 ννϕ ′−= ndN                      (7) 
Film thickness d can be determined by solving the system of equations (7) using relationship:  
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The refractive index of the surface film varies with the wavelength so that it can not be 
calculated from the system of equations (7). In order to determine the refractive index, the dispersion 
analysis is used. 

 
 EXPERIMENTAL 

 
The amorphous lead selenide film was obtained by chemical deposition on glass substrate from a 

solution of selenium sulfate and lead acetate by the method described in the literature [7]. 
The IR reflection-absorption spectra were recorded using the specular reflection device of the 

spectrograph UR-20 Carl Zeiss Jena. A non-polarized infrared radiation was used. Figure 2 shows the 
reflection-absorption spectra of PbSe recorded at 20 degrees and 55 degrees incidence angles. These 
spectra present interference fringes and were used to determine the thickness of the surface film. 
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The thickness of PbSe film was obtained 
using a MATLAB computer program that solves 
the system of equations (7). 

The reflection-absorption spectrum 
recorded at 200 incidence angle was processed 
using the RefFIT program to obtain the optical 
constants of PbSe film [2]. 

 
 RESULTS AND DISCUSSION 

 
By processing the spectra shown in Figure 

2, recorded at two different incidence angles, a 
value of 0.87μm was obtained for the PbSe film 
thickness. 

In the spectral range 1000cm-1÷5000cm-1 
two complete cycles of change in amplitude 

can be observed due to interference. The refractive index of PbSe vary little with frequency so that it 
can be considered constant. It can thus use equation (8) to determine the thickness of the surface film. 
According to literature data, the refractive index changes with 0.136 in the spectral interval 1000 cm-

1÷2000 cm-1 [8,9]. It is an error of 0.07 μm by assuming a constant refractive index in the spectral 
interval investigated. 

The RefFIT program used for the dispersion analysis of the reflection-absorption spectrum of 
PbSe allows the spectra to be processed, which shows the interference fringes. In this case, the film 
thickness is used as an experimental variable parameter in fitting process. For the model of dielectric 
function we used 11 internal parameters. We have processed reflection-absorption spectrum containing 
a set of 2076 digitized experimental points. The model internal parameters and the experimental 
parameter are continuously adjusted to fit the theoretical values with experimentally measured data. 
In case of reflection-absorption spectra the theoretical transmittance and experimental transmittance 
spectra are compared. The parameter fitting 
process stops when the differences between 
theoretical and experimental spectra are 
minimal. 

In order to improve the fitting process, 
we used alongside with the reflection-
absorption spectra recorded at 20 degrees 
angle of incidence, the values  of optical 
constants from literature [9]. I introduced a 
number of additional 1001 points. This 
spectrum shows weak interference fringes 
corresponding to a thickness of 0.86 μm for 
the surface film. The theoretical transmission 
spectrum corresponding to the physical model 
that best approximates the reflection-

absorption spectrum is shown in Figure 3. 
The two spectra are almost identical 

especially in the spectral interval 2200÷5000 
cm-1 where the intensity of interference 
fringes is significantly smaller and does not 
disturb the appearance of the spectrum 
recorded. 

Figure 4 shows the refractive index 
spectrum of PbSe film,  obtained from the 
dispersion analysis by simultaneously fitting 
two data sets: reflection-absorption 
spectrum of PbSe, recorded at 200 incidence 
angle and the values of optical constants of 
PbSe in the literature in the spectral range 
1000cm-1÷2000cm-1 [9]. 

For the PbSe film, the absorption index 
is approximately equal to zero so that the relations used to determine the film thickness from 
interference fringes can be considered correct. Figure 5 presents the corresponding absorbance spectra 
of PbSe film compared with literature values [8]. 

 
Figure 2. The reflection-absorption spectra of PbSe 

film deposited on glass, recorded at 200 and 550 
incidence angles 

 
Figure 3 Experimental reflection-absorption spectrum 
at 200 incidence angle and theoretical transmission 

spectrum corresponding to physical model 

 
Figure 4. The refractive index spectrum of PbSe film 

obtained by dispersion analysis, compared with 
literature data [8.9] 
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 CONCLUSIONS 

 
In the case of thin surface films, the 

specular reflectance spectra are reflection-
absorption spectra and are similar to the 
transmission spectra. 

The dispersion analysis of reflection-
absorption spectra is more reliable and easier 
than the Kramers-Kronig analysis. RefFIT 
program determines both the refractive index 
and thickness of the surface film. 

The thickness of the PbSe surface film 
can be determined by dispersion analysis and 
by the processing of the interference fringes 
present in the reflection-absorption spectra. 

The results from these two methods are comparably equal. 
Knowing the spectrum n=f(ν) is important for various areas of use of this semiconductor material. 
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Figure 5. The absorption index spectrum of PbSe film 

obtained by dispersion analysis, compared with 
literature data [8] 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /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 true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


