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Abstract

Chemical deposition aqueous method has been developed to synthesize a new genera-
tion of smart and functional nanostructured zinc oxide thin films. This chemical process uses
stable and inexpensive metal inorganic salts and solvents in a heterogeneous reaction, without
additional template materials to obtain ZnO thin films with different morphologies. The
nanosized structures of ZnO are obtained to analyze the physical and structural requirements
of their applications in gas sensors. Post-growth photothermal annealing of nanostructured
zinc oxide at 650°C in N, leads to the suppression of deep-defect-level emission and im-
provement of near-band edge emission and is ascribed to the decrease in structure defects as
compared to the initial nanostructure. The sensing behavior of the nanostructured elements to
methanol is investigated.

Introduction

Wide band gap nanostructured materials, such as nanowires, nanobelts, and nanorods,
have received high interest in the recent decade, due to their morphology-related properties,
for their potential in building novel functional nanometer-scaled electronic, optoelectronic,
electrochemical, and sensor nanodevices [1-3]. Recently, synthesis, research, and develop-
ment of alternative energy technologies, such as low cost flat-panel solar cell thin film de-
vices, solar cells based on semiconducting oxide nanowires and many other innovative
concepts have increased. During the last few years ZnO has received considerable attention as
an important multifunctional material due to its unique applications for nanoelectronic and
optoelectronic devices and for self-assembled growth of three-dimensional nanoscale sys-
tems [4, 5].

Chemical deposition on a glass substrate is an emerging field of research in the nanos-
tructured thin films. The physical properties of the nanostructured thin films can be explored
by the optimization of the process parameters and post-deposition processing technique. It
allows control of the size of nano and microparticles, their surface morphology, and arrange-
ment on substrate. This technique allows the growth of functional metal oxide thin films at
relatively low temperatures from aqueous solution without catalysts, at large scale and low-
cost.

The post-growth annealing process is guided largely by the requirements of structure
defect removal and electrical conductivity in zinc oxide films. Recently, lamp-based rapid
photothermal processing (RPP) systems have been introduced as an alternative thermal an-
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nealing equipment solution. The structural and electrical properties of nanostructured films
can be improved by proper post-deposition rapid photothermal processing. This is based on
rapid radiative heating by using halogen lamps followed by cooling of substrates in air, or
vacuum, or in inert atmosphere. The RPP system’s halogen lamps provide both heating and
radiation effects due to the wide spectrum from 0.4 pm to 1 pm [6].

In this present work, a novel method combining the aqueous solution process under ul-
traviolet light with post-growth rapid processing is proposed to develop ZnO thin film
nanowires. Optical properties of the as-grown and RPP nanostructures have been studied by
photoluminescence measurements. We expected to obtain inexpensive nanostructured thin
films for gas sensor applications. ZnO-based resistive type sensors have been developed for
the detection of toxic gaseous compounds for environmental and industrial monitoring. The
responses of the sensing elements exposed to 500 ppm methanol at temperatures between
20°C and 300°C have been assessed.

Experimental

Chemical deposition is a method of growing thin films on a substrate immersed in
aqueous solutions containing appropriate reagents at relatively low temperatures (up to 98°C).
In the present study, the nanostructured films were deposited on Corning glass and Si sub-
strates using a beaker placed upon a heater during the growth process under ultraviolet (UV)
light. Before the deposition, the substrates were cleaned in dilute HCI for 10 min, and then
rinsed in de- ionized water (DI). Afterward, the glass slides were rinsed in ethanol:acetone
(1:1) mixture, DI and dried in a nitrogen flux. The (100) silicon substrates were chemically
cleaned using solution of sulfuric acid/hydrogen peroxide (Reagent grade CDA) in the pro-
portion 1:4 for 5 min to remove any organic material. Then Si substrates were treated by nitric
acid in order to eliminate the metallic impurities after re-distilled water cleaning for 5 min.
The next step was cleaning in hydrofluoric acid (HF:H,0=5:100) to remove chemical and
native oxides. The cleaned substrates were immersed in an aqueous solution bath and the bath
was heated with stirring for definite periods of time in order to fabricate nanostructures of
desired size. Films of pure and Sn-doped ZnO were deposited on glass substrates from aque-
ous zinc-complex solution comprised of a mixture of ZnCl,-2H,0, ZnSO4-7 H,O, NH4OH,
sodium stannate, and diethanolamine [DEN]. All the chemicals were analytic grade reagents
without further purification. The concentration of complex solution was 0.05 and 0.1 M zinc
concentration. Adding sodium stannate in the aqueous solution, 3-5 at % Sn concentration
according to doping level the impurification was performed under a constant stirring at room
temperature or at 80°C. The heterogeneous reaction and deposition of zinc oxide nanostruc-
tures took place on the substrate for 6-12 h or 0.1-0.3 h, respectively.

The as-deposited ZnO films were post-growth photothermally annealed at 300°C-
650°C for 15-100 s. The optimum duration of annealing was determined to be 20 s for zinc
oxide films.

Results and discussion
SEM images of the ZnO nanowires chemically deposited (a) from Zn:Sn:[DEN]

(0.05 M:1 mM:0.02 M) aqueous bath: as grown without RPP (sample 1), and (b) from
Zn:Sn:[DEN] (0.10 M:1 mM:0.01 M) (sample 2) are shown in Fig.1.
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Fig. 1. SEM images of the zinc oxide nanowires chemically deposited from (a) Zn:Sn:[DEN]
(0.05 M:0.001 M:0.02 M); (b) (0.10 M:0.001 M:0.01 M) on the glass substrate.

Figure 2 shows the low-temperature ultraviolet emission photoluminescence (PL) spec-
tra of as-grown ZnO:Sn chemically deposited from a Zn:Sn:[DEN] (0.05 M:1 mM: 0.02 M)
aqueous bath and RPP annealed at temperature of 650°C for 20 s.

The emission from the as-grown film represents a combination of luminescence domi-
nated by a PL band associated with the recombination of excitons bound to a neutral donor
(D"X) and resonant Raman scattering (RRS).
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Fig. 2. Ultraviolet emission spectra of ZnO nanocomposites fabricated by chemical deposition
and rapid photothermal processing at 650°C, 20 s measured at 10 K. The spectra are shifted Y-direc-
tion.

Photothermal annealing at 650°C for 20 s leads to the suppression of PL and the en-
hancement of multiphonon RRS labeled as 2LOgrrs — SLOgrgs peaks. The difference between
the position of the nLOgrgrs peak and the excitation quanta energy (3.530 eV) is n times the
energy of the A;(LO) phonon in wurtzite-type ZnO (72 meV). This emission originates from
the n-order Raman scattering.
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The luminescence peak in the zinc oxide film (3.363 eV) is associated with excitons
bound to a H-related neutral donor [7]. The D"X PL band is related to an exciton bound to
some structural defects. In such a case, the suppression of the DX PL band with photother-
mal processing is explained by the annealing of defects, which localize the excitons. The vi-
sible PL emission spectra of an as-grown and RPP at 650°C for 20 s are shown in Fig. 3. Two
photoluminescence bands centered at 2.4 and 1.8 eV are present in the visible spectral range
as illustrated in Fig. 3.
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Fig. 3. Visible PL spectra of different ZnO nanostructured films as labeled: Initial is the as-
grown film and second is treated by RPP at 650°C, 20 sec measured at T = 10 K.

The PL spectra of the as-grown zinc oxide nanostructure show a typical deep-defect
level emission at 1.8 eV without near-band edge emission, but photothermal processing at
650°C for 20 s decreased the intensity of the red PL (1.8 eV) luminescence.

The emission from the initial zinc oxide sample represents a combination of lumines-
cence dominated by a PL band associated with the recombination of excitons bound to a neu-
tral donor (D"X) and resonant Raman scattering (RRS). Deep-defect-level emission is reduced
and newly emerging near-band edge emission is improved in the ZnO sample while under-
went RPP at the 650°C for 20 seconds. The ZnO annealed at 650°C shows a near-band edge
emission at 3.38eV and lower emission peaks related to the deep-defect-level. Deep-defect-
level emission reduction in photothermal processed ZnO indicates that the concentration of
defects responsible for this emission is reduced by RPP.

It was observed that irreversible changes in the PL occur when the zinc oxide films un-
derwent RPP at temperatures higher than 300°C for 20 s. Between 550°C and 650°C, it was
observed that improvement in the quality and stability of the ZnO samples occurred. Reliable
ohmic contacts can be made to the ZnO by vacuum evaporation of Al.

Gas sensing characterization of nanostructure-based sensor elements (size 0.5x0.5 cm)
was performed in a 1000 cc gas chamber. The undoped and tin doped zinc oxide nanostruc-
tured films (1 um thickness) were tested to detect 500 ppm methanol at temperatures from 20
to 300°C. The readings were taken in 20 min after the sensor element and gases have been
introduced to the test chamber.
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It was found that resistance increased linearly with gas concentration and it was ex-
perimentally demonstrated that the ZnO nanomaterials present a fast response to a gas pulse at
100°C. The sensitivity of the sensor to gas was calculated [8]

100 . ngas - Rair )
S = , (1)
C ' Ruir
where Rg,, and R,;- are the electrical resistance in the presence of gas and in air, respectively;

C is the gas concentration.

The methanol sensing characteristics of the sensors were studied at an operating tem-
perature of 100°C, Figure 4.
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Fig. 4. The response of the zinc oxide nanostructured thin film sensor to methanol at 100°C ope-
rating temperature.

Figure 4 shows that sensor response and recovery time constants are of the order of
30 s, but there is a complete stabilization after 60 s. The conductivity decreased rapidly by
exposing the sensor to methanol and recovered toward the original value after clean air was
introduced. If the obtained sensors were to be operated in a ventilated chamber, or at a higher
temperature the recovery characteristics could be enhanced. The results demonstrate a high
potential for nanostructured zinc oxide sensors with superior sensitivity.

Conclusions

ZnO needle-like zinc oxide nanowires were synthesized by the chemical deposition
process. These nanostructured zinc oxide films obtained by chemical deposition and rapid
photothermal processing have shown high sensitivity, high long-term stability and fast re-
sponse time to methanol.

It is possible to modify the sensing properties of the nanostructured films by controlling
growth regimes and rapid photothermal processing conditions. This technique allows genera-
tion of, low-cost, large scale, advanced functional zinc oxide thin films from aqueous solution
at low temperature. Our results indicate also that an important effect of rapid photothermal
processing on photoluminescence properties is suppression of deep-defect-level emissions and
improvement of near-band edge emission efficiency. We have demonstrated ZnO nanostruc-
tures are sensitive to methanol. The gas sensing characteristics of the ZnO films can be im-
proved by modifying their nanostructures by tin impurity.

46



T. Shishiyanu, O. Lupan et al.

Acknowledgements

Authors would like to thank Prof. I. Tiginyanu, Dr. hab. V. Ursaki, E. Monaico, Na-
tional Center for Materials Study and Testing, for the Photoluminescence and SEM. This
study was partly supported by the MRDA-CRDF Award MTFP-1014 and project MOE2-
3052-CS-03, Ministry of Education and Science of R. Moldova through Projects 321b/s and
032P b/s.

References

[1] J.Y. Lao et al., Appl. Phys. A., Mater. Sci. Proces., 78, 539, (2004).

[2] P.X. Gao and Z.L. Wang, J. Appl. Phys., 97, 044304, (2005).

[3] J.Y. Lee, Y.S. Choi, J.H. Kim, M.O. Park, and S. Im, Thin Solid Films, 403, 553, (2002).

[4] H.J. Fan et al., Nanotechnology, 16, 913, (2005).

[5] J.Y. Lao et al., Appl. Phys. A, Mater. Sci. Proces., 78, 539, (2004).

[6] R. Singh, M. Fakhruddin, and K.F. Poole, Applied Surf. Sci., 168, 198, (2000).

[71 P.Y. Yu and M. Cardona, Fundamentals of Semiconductors, Berlin/Heidelberg/New
York, Springer-Verlag, 1996.

[8] S.T. Shishiyanu, T.S. Shishiyanu, and O.I. Lupan, Sens. Actuatuators B, 107, 379, (2005).

47




<<
  /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
  /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 false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [595.276 841.890]
>> setpagedevice


