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Oscillator strength of optical transitions
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Experimental and theoretical considerations and results on the effect of nitrogen incorporation on
the oscillator strength of optical transitions in InGaNAs/GaAs quantum wells (QWs) are presented.
Therefore, a set of dilute nitride quantum well structures was grown by molecular beam epitaxy.
Optical investigation via spectroscopic methods have been performed at various temperatures for
both the as-grown samples, and after rapid thermal annealing. The fundamental transition energy
and its oscillator strength vs. the QW composition have been systematically investigated. Addi-
tionally, the effect of the bandgap discontinuities on the transitions intensity has also been
considered. The experimental data have been confronted with the band structure calculations within
the effective mass approximation employing a two level repulsion model for the nitrogen-con-
taining structures. The obtained results are crucial for possible future applications employing
the quantum well in cavity structures and bringing the practical exploitation of quantum
electrodynamics phenomena to the telecommunication spectral range.
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1. Introduction

Dilute nitride compounds, as GalnNAs, constitute a novel material system proposed
and developed early in the 1990’s by Konpow et al. [1] and they remain very interesting
nowadays because of their unique physical properties and potential device applica-
tions. During the epitaxial crystal growth process small amounts of nitrogen are added
and substitute group V atoms in [1I-V semiconductors. The result is a huge bandgap
reduction, which is the main driving force of applications of GaAs-based dilute nitride
quantum wells (QWs) in near infrared optoelectronics. Their potential has been demon-
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strated in both edge emitting and vertical cavity surface emitting lasers, but also in solar
cells, semiconductor optical amplifiers, photodetectors and optical modulators [2].

In the following work, we study experimentally some of unreported yet properties
of dilute nitride QWs in the aspect of their possible exploration as light emitting media
in QW — optical cavity structures and consequences of tailoring the electronic wave
functions and hence the QW transition oscillator strength (OS) and we compare
the results to theoretical considerations. Microcavity-type semiconductor structures
are reaching high interest because of their potential in studying the interaction between
light and matter and in exploring it further in improved performance photonic devices
based on polariton lasers. So far, there have been realized such structures emitting in
the wavelength range below 1 um [3-5], whereas it is of a great practical impor-
tance to extend the emission range to further infrared, e.g., to II or III fiber telecom
window. However, the biggest challenge lies in the choice of the proper QW material.
InGaAsN QWs on GaAs, which can be easily embedded into well-established
AlAs/GaAs distributed Bragg reflector cavity, could be a possible solution to obtain
the strong coupling regime between the QW excitons and photonic cavity mode in
the range of 1.3 um. The exciton oscillator strength in this case is one of the main
physical parameters to be optimized towards an enhancement of light-matter coupling
and large enough values of Rabi splitting. In order to obtain an experimental esti-
mate on the OS, we rely on the measurements of reflectivity coefficient spectra, as
it has been shown being an efficient way of determining the transition intensity of
QW structures [6].

2. Experiment

The investigated quantum wells of In,, ;5GaAs;_ N./GaN, As,_,;/GaAs (with GaNAs
as a strain-compensating layer) were grown by molecular beam epitaxy on (001) GaAs
substrate and GaAs buffer. The QW itself has been repeated 4 times in order to
enhance the optical response, where the wells are separated by 9 nm of GaAs barriers.

Figure 1 shows the respective layer structure and energy-band diagram. We examined
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Fig. 1. A scheme of layer structure of the investigated InGaAsN/GaAsN/GaAs MQWs samples and
the corresponding alignment of the band edges. The InGaAsN layers are 7 nm thick, the GaAsN ones —
4.5 nm, and the separating GaAs layers — 9 nm.
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two sets of dilute nitride samples grown on GaAs undoped substrates and differing in
the In content. First set (series A) consisted of In, ;5GaAs;_ N,/GaN, As;_; QWs.
In the second set of samples (series B) QW layers were formed of Inj ,sGaAs;_ N,/
GaN, As;_,;. The width of the InGaAsN layers was 7 nm and the GaAsN ones —4.5 nm
in all the cases. The entire structure has been capped by 100 nm of GaAs. The x; mole
fraction of nitrogen in GaAsN layers with respect to the x mole fraction of nitrogen in
InGaAsN was approximately x; = 1.5x, when just basing on the growth conditions
(estimation based on difference in the growth rates between the layers with and
without In). The compositions of the layers are determined based on growth calibration
samples or reference samples without nitrogen to estimate the In concentration,
whereas the N contents have been determined from HR XRD measurements.
The contents for all the samples are listed in Table 1. The same samples have also been
annealed using rapid thermal annealing (RTA) procedure at 700 °C in the atmosphere
of nitrogen for 3 minutes.

Table. 1. Indium and nitrogen contents in the investigated samples.

Sample [In] [N] (QW) [N] (barrier)
Al 35% 1.3% 1.8%
A2 35% 1.1% 1.6%
A3 35% 0.9% 1.5%
B1 26% 0% GaAs barrier
B2 26% 1.4% 1.8%
B3 26% 1.9% 2.5%

The measurements of reflectivity coefficient have been performed in a standard
experimental configuration, where the light from a tungsten halogen lamp served as
a probe beam, which after reflection has been dispersed by a single grating 0.5 m focal
length monochromator and detected by a multichannel linear InGaAs charged coupled
device.

3. Theoretical approximations of the oscillator strength
of QW transition

We have developed a theoretical model in order to investigate the OS issue in a deeper
manner and to compare the results of calculations with the experimental data.
The calculations of the related energy states in the QW region are obtained by solving
the stationary Schrodinger equation assuming parabolic dispersion curves for the par-
ticles. The bandgap is given by the band anticrossing (BAC) model which includes
the influence of nitrogen on the band structure and estimates the effective bandgap
reduction properly [7].

One can derive two important parameters to study the intensity of optical
transitions: the overlap integral between the electron and hole wave functions
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(square of which reflects the oscillator strength of a band-to-band transition, i.e., in
the condition where the excitonic effects can be neglected), or the oscillator strength
with the excitonic correction included. As for instance in Refs. [8, 9] the oscillator
strength per unit area is related to the exciton wave function by:
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where: M — the optical transition matrix element between the valence and conduction
bands, f, and f, — the envelope functions of particles in the growth direction, and
J. dz f,(z) f,(z) is the overlap integral as mentioned above. @(r) is the function of

relative motion of the electron and hole in lateral direction. Simplifying Eq. (1) one
can write also the oscillator strengths in following forms [10]:
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where: a,—the in-plane exciton radius and #—the in-plane reduced mass of the exciton.
Therefore eventually, in all the cases where the Coulomb correlation cannot be
neglected (as very often at low temperatures for QWs based on GaAs) the dependence
of OS on any parameter of the well is given by a combined effect of the exciton reduced
mass change and the effect of the single particle states overlap integral.

4. Results and discussion

We have measured reflectivity spectra for all the structures in the conditions of almost
normal incidence. An exemplary spectrum for an as-grown sample named A3 (see also
Table 1) is shown in Fig. 2a. It exhibits a typical feature of a resonant line being
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Fig. 2. Reflectance spectra before (a) and after (b) the procedure of taking the derivative and
renormalization.
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Fig. 3. Room temperature reflectance resonance-type curves for both sets of samples: series with
35% of In (a), series with 26% of In (b).

an indicator of the optical transition. As the spectra always experience some back-
ground effects and the spectrum has rather an indirect connection of the particular
lineshape to the transition intensity, then some mathematical processing has been
performed: a derivative has been calculated with respect to energy (see Fig. 2b), and
hence the peak-to-peak intensity can be used as a good estimate of the transition
intensity in such a differential spectrum. When it is further multiplied by the linewidth
it imitates well the integral transition intensity.

In the case of room temperature measurements the differential reflectivity spectra
for all the investigated samples are shown in Fig. 3 in the vicinity of the fundamental
optical transition. Beside the normally expected red shift of the transitions with
the increase of N concentration, there is also observed a strong blue shift after
annealing. The latter is mostly driven by the intermixing effects and the QW interface
interdiffusion, which change the well potential profile from a square-like in case of
the as-grown structures, into a graded one after annealing. The annealing process is
typically used in dilute nitrides to cure some of the defects connected with the inter-
stitial positions of the N atoms and improve the overall sample quality, and has been
reported previously [11]. As the annealing modifies the electronic structure and affects
the optical material quality, it changes the transition oscillator strength as well, with
a general trend to increase after annealing, which is most probably a combined effect
of both the mentioned factors.

Figure 4a summarizes the values of all the experimentally determined intensities
obtained at room temperature for all the samples. It is observed that basically
the transition intensity increases with the transition energy. This can, at least in part,
be explained by Fig. 4b showing the calculated squared overlap integrals for such
QW structures of series A (i.e., for 35% In content) in a similar range of energies
(similar range of N contents). It is seen that for certain assumptions on the band offset
Q7 between GaAsN and GaAs (value of which is not very well established in the lit-
erature) the transition intensity can indeed increase with energy (i.e., with a decrease
of nitrogen concentration).
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Fig. 4. Results concerning estimation of quantity equivalent to optical transition oscillator strength in
room temperature: experimental results (a), theoretical predictions (b). Q7 is the chemical band offset
between the GaAsN layer and GaAs.
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Fig. 5. Results concerning the estimation of quantity equivalent to optical transition oscillator strength:
experimental results (a), theoretical predictions (b).

In the case of low temperature measurements (7 = 5 K) the experimental results
are qualitatively similar (see Fig. 5a) and can be expressed as an increase of the tran-
sition intensity with its energy. However, now the transitions are to be considered as
excitonic and need to be compared to the model including the Coulomb interaction
correction (as in Eq. (2)). The latter is shown in Fig. 5b for two values of the band
offsets Q. It is seen that the theory predicts a trend which is opposite to the experi-
mental one. The latter is a consequence of an increase of the electron effective mass
(and hence also the exciton mass) with the increasing N mole fraction (as a direct
outcome of the BAC model). This is not observed in the experiment, most probably
due to trapping of carriers at defect-related centers at low temperatures. Therefore,
less QW excitons can be formed, which decreases the absorption, and hence also
the determined transition intensity, and hence deteriorates the contribution to the inten-
sity coming from the excitonic effect.
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What is worth noting, the experimentally determined intensities are always larger
for the annealed samples in agreement with the room temperature data, origin of which
has been mentioned above.

5. Conclusions

In this article, we have presented an experimental approach towards the estimation of
oscillator strength for two different designs of multiple quantum wells that also varied
with nitrogen content. We have used reflectance spectroscopy at room and low temper-
atures and judging by resonance-type curves after some signal processing we could
extract the important parameters for the oscillator strength estimations like transition
energy, linewidth and relative intensity of absorption mechanism. First of all, there
has been observed a significant effect of post-growth annealing for all kinds of samples
and based on the OS wvalues, it improves the QW structural quality. Increasing
the nitrogen content causes the OS decrease, which is in qualitative agreement with
theoretical predictions for room temperature data, but in contrary to the low
temperature experimental results, where the expected excitonic oscillator strength
should increase with the nitrogen content. The latter is most probably related to
trapping states being present and acting effectively at low temperatures in these dilute
nitride wells. Decreasing the concentration of these defects seems to be the main route
for further material optimization.

Acknowledgements — Work supported by the bilateral Project of Deutsche Forschungsgemeinschaft
(LIEPOLATE) and Polish Ministry of Science and Higher Education (project No. DPN/N99/DFG/2010)
and the COPERNICUS Award of the Foundation for Polish Science and Deutsche Forschungsgemeinschaft.

References

[1] Konpow M., Uomr K., Hosomr K., MozuME T., Gas-source molecular beam epitaxy of GaN,As,_,
using a N radical as the N source, Japanese Journal of Applied Physics, Part 2: Letters 33(8A), 1994,
pp- L1056-L1058.

[2] ALexanproprouLos D., ApaMs M.J., RorisoN J., Analysis of GalnNAs-based devices: Lasers and
semiconductor optical amplifiers, [In] Dilute III-V Nitride Semiconductors and Material Systems,
[Ed.] Ayse Erol, Springer, Heidelberg, 2008.

[3] Le S1 DanG, HeGer D., ANDRE R., Boeur F., RoMmESTAIN R., Stimulation of polariton photo-
luminescence in semiconductor microcavity, Physical Review Letters 81(18), 1998, pp. 3920-3923.

[4] BALILIR., HARTWELL V., SNOKE D., PFEIFFER L., WEST K., Bose—Einstein condensation of microcavity
polaritons in a trap, Science 316(5827), 2007, pp. 1007-1010.

[5] Lat C.W., Kim N.Y., Ursunomiyav S., Roumpros G., DENG H., FRASER M.D., BYRNES T., RECHER P.,
Kumapa N., Fusisawa T., YaMamoto Y., Coherent zero-state and r-state in an exciton—polariton
condensate array, Nature 450(7169), 2007, pp. 529-532.

[6] BAOPING ZHANG, KANO S.S., SHIRAKI Y., ITO R., Reflectance study of the oscillator strength of excitons
in semiconductor quantum wells, Physical Review B 50(11), 1994, pp. 7499-7508.

[7] SuaN W., WaLukiewicz W., AGER J.W., HALLER E.E., Geisz J.F., Friepman D.J., OLsoN J.M.,
Kurtz S.R., Band anticrossing in GalnNAs alloys, Physical Review Letters 82(6), 1999, pp. 1221-1224.

[8] AnprReEaNI L.C., Confined Electrons and Photons - New Physics and Devices, [Eds.] Burstein E.,
Weisbuch C., Plenum, New York, 1995, p. 57.



60 A. MIka et al.

[9] MasseLINK W.T., PEArRAH P.J., KLEM J., PENG C.K., MOrRKOC H., SANDERS G.D., Y1A-CHUNG CHANG,
Absorption coefficients and exciton oscillator strengths in AlIGaAs—GaAs superlattices, Physical
Review B 32(12), 1985, pp. 8027-8034.

[10] Knox R.S., Theory of Excitons, Academic Press, New York, 1963.

[11] Kuprawiec R., SEk G., Misiewicz J., GoLLUB D., FORCHEL A., Explanation of annealing-induced
blueshift of the optical transitions in GalnAsN/GaAs quantum wells, Applied Physics Letters 83(14),
2003, pp. 2772-2774.

Received May 25, 2012
in revised form October 4, 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


