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Abstract We have successfully prepared anodized alu-
mina membrane distributed Bragg reflector (DBR) using
electrochemical anodization method. The transmission
peak of this distributed Bragg reflector could be easily
and effectively modulated to cover almost any wavelength
range of the whole visible spectrum by adjusting anod-
ization temperature.
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Introduction

Distributed Bragg reflector (DBR) is a structure, which is
consisted of periodically stacked multiple layers with
different refractive indices in one dimension. As one-
dimensional photonic crystal (PC), it can strongly and
selectively modify the propagation of the incident light.
According to this outstanding optical character, DBR has
attracted much more attention in recent years due to its
wide applications in light filters, vertical cavity surface
emitting laser, electroabsorptive reflection modulators, etc.
[1-7]. Recently, Wang et al. [8] described a photonic
crystal via making air pores periodically in anodic alumina
membrane (AAM); however, the stop band of incident light
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is only modified from 450 to 525 nm by changing the
chemical etching time. When the incidence angle increases
progressively, a blue shift of the transmission peak emerges
and the peak intensity reduces gradually [9]. It has been
reported that a novel kind of DBR at low cost, named AAM
DBR, was prepared based on the layer-by-layer structure in
AAM by adjusting the anodizing cell voltage periodically
in the process of electrochemical anodization of Al foil,
and the first Bragg condition peak in transmission spectra
of this AAM DBR can be modulated from 727 to 1,200 nm
[10].

As known, the electrolyte temperature determines the
velocity of oxidation and chemical dissolution, the surface
porosity, as well as mechanical stress at the metal/oxide
interface in the process of electrochemical anodization
[11-13]. Nevertheless, there has been no investigation of
the influence of temperature on the optical characteristics
of AAM DBR up to now.

In this study, by varying the anodization temperature we
could conveniently obtain the AAM DBR with the trans-
mission peak covering almost any wavelength range of
the visible light region. The variation of intensity of the
transmission peak versus anodization temperature has also
been investigated.

Experimental Section

For the synthesis of AAM DBR, high-purity aluminum foils
(99.999%) were first degreased in acetone and ethanol, and
then annealed at 500 °C under vacuum ambient (about
2 x 1073 torr) for 5 h to remove the mechanical stress. The
aluminum was electrochemically polished by a mixture of
HC10,4 and C,HsOH (the volume ratio is 1:9). In the process
of electrochemical anodization, we made use of a computer
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to output a periodical cell voltage. In one period, the cell
voltage increases sinusoidally from 23 to 53 V in 30 s at
first, and then decreases linearly from 53 to 23 V in 3 min
[8, 10]. In order to precisely control the anodization tem-
perature the electrochemical cell, which contains the Al
foil, was placed in a constant temperature water tank. All
the samples were electrochemically anodized for 24 h. The
remaining aluminum was etched by saturated SnCl, solu-
tion. The samples were characterized by a field-emission
scanning electron microscopy (FE-SEM, Sirion 200), and
the transmission spectra was measured at room temperature
by a spectrophotometer (CARY 5E) with the incident light
perpendicular to the AAM DBR samples.

Results and Discussions

The transmission curves of samples, which were prepared
at four different temperatures, are shown in Fig. 1. Sample
1, 2, 3, and 4 were prepared at 18, 14, 10, and 6 °C,
respectively. It can be seen that when the preparation
temperature decreases a blue shift of transmission peak
occurs, while the transmissivity of incident light, corre-
sponding to the first Bragg condition peak, increases
simultaneously. Especially for sample 4, the stop band
around 350 nm could hardly be observed and the trans-
mission curve is similar to that of ordinary AAM. This
phenomenon may be explained as follows: while the tem-
perature decreases, either the oxide formation or chemical
dissolution is decelerated, which directly induces the
reducing of thickness of both main and branched channel
layer (d; and d,), furthermore the Bragg wavelength, A,
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Fig. 1 The transmission spectra of AAM DBRs prepared at 18 °C

(curve a), 14 °C (curve b), 10 °C (curve ¢) and 6 °C (curve d),
respectively
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(m is the order of the Bragg condition), will become
diminished according to the equation shown as below [14]:

mlim = 2(midy + nady) (1)

where n; and n, stand for the refractive index of main and
branched channel layer, respectively. To prove this, the
samples prepared under different temperatures were char-
acterized by FE-SEM as shown in Fig. 2. Figure 2a shows
an FE-SEM image of the sample 1 prepared at 18 °C, and
Fig. 2b corresponds to sample 2 prepared at 14 °C. It can
be clearly seen that the lower the temperature was, the
thinner the main and branched channel became. With the
temperature decreasing to 10 °C, the main and branched
channel layers turned further thinner and some branched
channels began to vanish, shown in Fig. 2c. In Fig. 2d
corresponding to the sample prepared at 6 °C, we can
observe that due to slow growth rate at low temperature
most branches disappear. As a result the morphology of the
channels seems the same as that of straight ones in the
ordinary AAM. The distance of remaining adjacent bran-
ched channel layers bears less than 100 nm in thickness.

Figure 3 shows the optical photograph of AAM DBRs
prepared at different anodization temperature from 7 to
14 °C. It is clearly demonstrated that these AAM DBRs
almost contain every color of the whole visible light region.

Another issue to be considered is the increasing of
transmissivity as the temperature drops, which is brought
by the inadequate growth of branches. It is well known
that sufficiently high dielectric contrast of two different
dielectric materials comprised in the photonic related
structures could bring high reflectance to a certain incident
light. The reflectivity of a periodical multilayer structure
composed of alternating layers with different refractive
indices ny, and ny on the substrate with the index of ng is
given as below [15]:

R=|1- ns(nL/nH)ZM]/[l + ”lS(I’lL/nH)ZM:|2
~1-— 4ns(nL/nH)2M (2)

where the np and ny is the refractive index of the low and
high index dielectric, respectively. Here, the branched
channel layer stands for low index dielectric material and
the main stem layer corresponds to the high one. The M is
the number of the layer pairs. Every two neighboring
layers, i.e., main channel layer and branched channel layer,
constitute one layer pair. In our experiment, we could
consider the air play the role of substrate with ng as 1. The
refractivity R is inversely proportional to the value of
ny/ny, which means the transmissivity 7 is directly pro-
portional to this ratio. When the anodization temperature
decreases, the branched channel layers will not grow suf-
ficiently, so the contrast of effective refractivity of two
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Fig. 2 The SEM image of
samples prepared at a 18 °C,
b 14 °C, ¢ 10 °C, and d 6 °C,
respectively

Fig. 3 The optical photograph of AAM DBRs prepared for 24 h at
different anodization temperatures from 7 to 14 °C

layers turns to be less. Since the ratio of np/ny is aug-
mented, the transmissivity of the whole structure therewith
raises. Hence, the effect of inhibition to the incident light
becomes weakened.

Conclusion

We have successfully prepared anodized alumina mem-
brane distributed Bragg reflector using electrochemical
anodization method. By modifying the anodization tem-
perature, the transmission spectra of AAM DBR could be
effectively modulated to cover almost any wavelength
range of the whole visible spectrum.

Acknowledgments This work was supported by the National
Natural Science Foundation of China (No0.50671099, 50172048,
10374090 and 10274085), Ministry of Science and Technology of
China (No.2005CB623603), and Hundred Talent Program of Chinese
Academy of Sciences.

1
i
1
5 |

e

e L

References

1. J.P. Weber, S. Wang, Opt. Lett. 15, 526 (1990). doi:10.1364/
OL.15.000526

2. E.A. Avrutina, V.B. Gorfinkel, S. Luryi, K.A. Shore, Appl. Phys.
Lett. 63, 2460 (1993). doi:10.1063/1.110475

3. J. Yoon, W. Lee, E.L. Thomas, Nano Lett. 6, 2211 (2006). doi:
10.1021/n1061490h

4. L. Chena, E. Toweb, Appl. Phys. Lett. 89, 053125 (2006). doi:
10.1063/1.2245219

5. F. Koyama, S. Kinoshita, K. Iga, Appl. Phys. Lett. 55, 221
(1989). doi:10.1063/1.101913

6. P.L. Gourley, T.M. Brennan, B.E. Hammons, S.W. Corzine, R.S.
Geels, R.H. Yan, J.W. Scott, L.A. Coldren, Appl. Phys. Lett. 54,
1209 (1989). doi:10.1063/1.100717

7. R.H. Yan, RJ. Simes, L.A. Coldren, Appl. Phys. Lett. 55, 1946
(1989). doi:10.1063/1.102172

8. B. Wang, G.T. Fei, M. Wang, M.G. Kong, L.D. Zhang, Nano-
technology 18, 365601 (2007). doi:10.1088/0957-4484/18/36/
365601

9. X. Hu, Z.Y. Ling, S.S. Chen, X.H. He, Chin. Phys. Lett. 25, 3284
(2008). doi:10.1088/0256-307X/25/9/051

10. W.J. Zheng, G.T. Fei, B. Wang, Z. Jin, L.D. Zhang, Mater. Lett.
63, 706 (2009). doi:10.1016/j.matlet.2008.12.019

11. A.P. Li, F. Miiller, A. Birner, K. Nielsch, U. Gosele, J. Appl.
Phys. 84, 6023 (1998). doi:10.1063/1.368911

12. F.Y. Li, L. Zhang, R.M. Metzger, Chem. Mater. 10, 2470 (1998).
doi:10.1021/cm980163a

13. T. Aerts, T. Dimogerontakis, I. De Graeve, J. Fransaer, H. Terryn,
Surf. Coat. Technol. 201, 7310 (2007). doi:10.1016/j.surfcoat.
2007.01.044

14. P.A. Snow, E.K. Squire, P.St.J. Russell, L.T. Canham, J. Appl.
Phys. 86, 1781 (1999). doi:10.1063/1.370968

15. E.P. Donovan, D.V. Vechten, A.D.F. Kahn, C.A. Carosella, G.K.
Hubler, Appl. Opt. 28, 2940 (1989)

@ Springer


http://dx.doi.org/10.1364/OL.15.000526
http://dx.doi.org/10.1364/OL.15.000526
http://dx.doi.org/10.1063/1.110475
http://dx.doi.org/10.1021/nl061490h
http://dx.doi.org/10.1063/1.2245219
http://dx.doi.org/10.1063/1.101913
http://dx.doi.org/10.1063/1.100717
http://dx.doi.org/10.1063/1.102172
http://dx.doi.org/10.1088/0957-4484/18/36/365601
http://dx.doi.org/10.1088/0957-4484/18/36/365601
http://dx.doi.org/10.1088/0256-307X/25/9/051
http://dx.doi.org/10.1016/j.matlet.2008.12.019
http://dx.doi.org/10.1063/1.368911
http://dx.doi.org/10.1021/cm980163a
http://dx.doi.org/10.1016/j.surfcoat.2007.01.044
http://dx.doi.org/10.1016/j.surfcoat.2007.01.044
http://dx.doi.org/10.1063/1.370968

	Modulation of Transmission Spectra of Anodized Alumina Membrane Distributed Bragg Reflector by Controlling Anodization Temperature
	Abstract
	Introduction
	Experimental Section
	Results and Discussions
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /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 <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


