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ZnO nanocrystals, which are characterized by their configurations and fine structures, are 
unique oxide semiconductors. They are synthesized by nanoparticle-assisted pulsed laser deposition 
on ZnO buffer layers deposited on a-cut sapphire substrates. In this report, the new possibilities of 
UV laser-processing to the field of ZnO buffer layers and ZnO nano/microcrystals are suggested. 
Effects of ultraviolet laser-irradiation on morphological and electrical properties of ZnO buffer lay-
ers were investigated. After laser irradiation, surface work function increased in the region laser-
irradiated at 300 mJ/cm2, whereas it decreased in the region laser-irradiated at 500 mJ/cm2. Then, 
ZnO nanowires were synthesized on the ZnO buffer layers locally laser-irradiated at 300 mJ/cm2 
and 500 mJ/cm2 by nanoparticle-assisted pulsed laser deposition. Number densities of ZnO nan-
owires were varied depend on laser fluences. It decreased in the region pre-laser-irradiated at 300 
mJ/cm2, whereas it increased in the region pre-laser-irradiated at 500 mJ/cm2. Additionally, it was 
demonstrated that periodically-aligned ZnO microcrystals can be synthesized using four-beam inter-
ference laser irradiation to the ZnO buffer layers followed by nanoparticle-assisted pulsed laser 
deposition. Since these processes do not require any catalysts, they are expected to be the new fabri-
cation method for ZnO nano/micro crystals. 

Keywords: zinc oxide, nanowire, microcrystal, laser annealing, laser ablation, four-beam interfered 
laser 

1. Introduction 
Zinc oxide (ZnO), which has abundant natural re-

sources, has a wide band-gap energy of approximately 3.37 
eV and a large exciton binding energy of 60 meV. These 
mean that ZnO can realize an efficient exciton emission in 
near ultraviolet (UV) spectral region. Accordingly, ZnO is 
one of the most attracted materials for optoelectronic appli-
cations which operate in the UV range. [1, 2] In addition, a 
variety of ZnO nanocrystals can be synthesized due to self-
organization. Besides, a variety of ZnO nanocrystals such 
as nanowires, nanorods, and nanorings, which are provided 
by their self-organized growth, have scientific attractive-
ness because of their unique morphologies. [3, 4, 5] ZnO 
nanocrystals have quite-small volume and high aspect ratio, 
so that quantum effect and optical confinement can be ex-
pected. 

In this paper, we suggest new ideas about the combina-
tion of the ZnO crystals and UV laser processing. There are 
some associated researches. Pulsed-laser deposition (PLD) 
is a well-known method of fabricating ZnO thin films char-
acterized by a high-throughput. [6, 7] In our early study, 
nanoparticle-assisted pulsed laser deposition (NAPLD) was 

established to fabricate ZnO nanocrystals. [8] Additionally, 
it was found that vertical-growth-degree of ZnO nanowires 
can be improved using ZnO buffer layer. [9] UV laser an-
nealing on ZnO crystals have been investigated by some 
researchers. For example, the effect of laser annealing on 
ZnO thin film was researched and it was found that the 
surface roughness of ZnO thin films can be decreased. [10] 
Optical properties of ZnO nanocrystals have been investi-
gated in our previous study. [11] 

In this paper, a new idea about the combination of PLD, 
laser annealing and NAPLD is suggested. Flow chart of 
experimental procedures were shown in Figure 1. At first, a 
ZnO buffer layer, which is a kind of ZnO thin films, was 
laser-annealed at some fluences, then ZnO nanowires were 
grown on it. The variation in the number density of ZnO 
nanowires was investigated. Subsequently, periodically-
aligned ZnO microcrystals were fabricated using the micro-
patterned ZnO buffer layer by irradiating four-beam inter-
fered the third harmonic of Nd:YAG laser.  

2. Experiment 

2.1 Preparation of ZnO buffer layers 
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ZnO thin films, which are called ZnO buffer layers 
hereafter, were synthesized by PLD. A sintered ZnO target 
placed in a vacuum chamber was ablated for 5 min with the 
third harmonic of a Q-switched Nd:YAG laser (λ = 355 
nm, pulse width τ = 10 ns, Quanta-ray GCR-290-10, Spec-
tra-Physics) at a fluence of 1.5 J/cm2. The chamber pres-
sure were kept at 3 Pa. ZnO buffer layers were deposited 
on an a-cut sapphire substrate heated at 500 °C, placed at 
the facing position toward the sintered ZnO target. 

2.2 Pre-laser annealing and pre-laser ablation 

Pre-laser irradiating process was performed with a KrF 
excimer laser (λ = 248 nm, pulse width τ = 55 ns). The 
laser beam was scanned over the surface of the ZnO buffer 
layer using a motorized X-Y stage. The repetition rate and 
scanning speed were set at 1000 Hz and 3.5 mm/s, which 
the ZnO buffer layer was irradiated 100 times per location. 
Laser fluences were 300 mJ/cm2 and 500 mJ/cm2, as shown 

in Fig. 2(a). 
Figure 2(b) and (c) show atomic force microscopy 

(AFM) and kelvin probe force microscopy (KPFM) images 
of the boundary between the laser-irradiated region at 300 
mJ/cm2 and as-deposited region. Both images were ob-
tained concurrently, so that the observing areas are same. It 
was found that the root mean square value of the surface 
RMS roughness (Root-Mean-Square value) of the ZnO 
buffer layer decreased from 3.136 nm to 0.548 nm by laser 
irradiating at 300 mJ/cm2. The KPFM image in Fig. 2(c) 
indicates the increase in the surface work function of ZnO 
buffer layer by laser irradiation at 300 mJ/cm2, because the 
mapping parameter of KPFM image, which is the contact 
potential difference between the cantilever and the surface 
of the sample (VCPD), is represented by the following equa-
tion. [12] 

CPD probe sampleeV = Φ −Φ      (1) 

Here, Φprobe and Φsample are the work functions of the canti-
lever and sample, respectively, and e is the elementary 
charge. Therefore, the contrast of KPFM images provides 
the information of inversed-contrast of surface work func-
tion of the sample. 

Figure 2(d) and (e) show the AFM and KPFM images 
of the boundary between the as-deposited region and laser-
irradiated region at 500 mJ/cm2. There are an energy leak 
and interference of the laser beam, so that as-deposited 
region have blue area. Additionally, since the region laser-
irradiated at a fluence of 500 mJ/cm2 was chipped off due 
to excess laser fluence, the average surface height de-
creased by laser irradiation at a fluence of 500 mJ/cm2. The 
RMS roughness decreased from 3.451 nm to 0.699 nm. 
Since KPFM contrast is often affected by precipitous varia-
tion in surface height, the probe detects the potential with a 
slight mechanical error at around the boundary in the bot-
tom of half of Fig. 2(e). The KPFM image indicates that 
the surface work function of ZnO buffer layer was de-
creased by laser irradiation at a fluence of 500 mJ/cm2. 

Fig. 2 (a) Schematic of the laser-irradiated ZnO buffer layer. (b) AFM and (c) KPFM images of the laser-irradiated ZnO buffer 
layer at the boundary between the laser-irradiated region at 300mJ/cm2 and as-deposited region. (d) AFM and (e) KPFM images of it 
at the boundary between the as-deposited region and laser-irradiated region at 500 mJ/cm2. 

Fig. 1 Schematic flow chart of experimental procedures. 
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The variations in properties of ZnO buffer layers can be 
explained by effects of the laser annealing and laser abla-
tion. Laser irradiation at appropriate fluence can be regard-
ed as a laser annealing process. On the other hand, laser 
irradiation at excess fluence can be regarded as a laser abla-
tion process. We believe that the decrease in the surface 
work function of ZnO buffer layers was caused by crystal-
line defects induced by laser ablation. Additionally, one of 
the reasons for the increase of work function by laser an-
nealing was the decrease of crystal grain boundaries, where 
various crystalline defects concentrate. In ZnO crystals, the 
most susceptible defects are oxygen vacancies and intersti-
tial zincs. [13] Because both defects lead n-type conduc-
tions, the Fermi level decreased at the laser-annealed re-
gion. Accordingly, work functions were increased and de-
creased at laser-annealed region and laser-ablated region, 
respectively. 

2.3 Fabrication of ZnO nanowires on the laser-
irradiated ZnO buffer layer 

Vertically-aligned ZnO nanowires were fabricated on 
the pre-laser irradiated ZnO buffer layer, using NAPLD. In 
this process, ZnO sintered target was ablated for 20 min by 
the third harmonic of a Q-switched the third harmonic of 
Nd:YAG laser at the same laser parameters and experi-
mental geometry as PLD. The chamber was filled with Ar 
gas at a pressure of 26700 Pa. ZnO nanoparticles, which 
are precursor materials of ZnO nanowires, were generated 
due to the relatively high pressure. ZnO nanoparticles were 
deposited on pre-laser irradiated ZnO buffer layer heated at 
750 °C. 

Figures 3(a) and (b) show the images of ZnO nanowires 
observed by a scanning electron microscopy (SEM, VE-
7800, KEYENCE). The left side of Fig. 3(a) is the pre-laser 
annealed region at 300 mJ/cm2. It was found that the num-
ber density of ZnO nanowires decreased at the pre-laser 
annealed region at 300 mJ/cm2. On the other hand, it in-
creased at the right side of Fig. 3(b), which is the pre-laser 
ablated region at 500 mJ/cm2. In both cases, ZnO nan-
owires were grown on the top of pyramidal crystals, as 
shown in insets of Fig. 3(a) and (b). The nucleation of py-
ramidal crystals generally took place at the early stage of 
NAPLD process. 

It was resulted that pre-laser annealing at a moderate 
fluence decreases the nucleation rates of pyramidal core 
crystals and ZnO nanowires. On the other hand, pre-laser 
ablation at an excess fluence increases them. Accordingly, 

KPFM images give projections of density of ZnO nan-
owires in advance of NAPLD process. 

2.4 Fabrication of ZnO microcrystals by micro pat-
terning with four-beam interfered laser 

Next, periodically-aligned ZnO microwires were fabri-
cated by micro-patterning on a ZnO buffer layer with four-
beam interference of the third harmonic of a Q-switched 
Nd:YAG laser (pulse width τ = 5 ns, Powerlite 8000, Con-
tinuum). Micro-patterning and fabrication of meta-material 
by four-beam interfered laser irradiation were reported by 
some researchers. [14] We applied it to make micro pat-
terning on ZnO buffer layers followed by NAPLD. Figure 
4(a) shows a schematic diagram of four-beam interference 
laser irradiation system. The incident laser was diffracted 
by the transmission grating, then diffracted lasers are col-
limated by a lens. Four first-order diffracted beams were 
extracted using a slit, then they were focused by another 
lens. Figure 4(b), where dependence of diameters of abla-
tion marks on the interference laser fluences, indicates that 
the size of patterns can be controlled. 

Figure 5(a) shows a SEM image of the micro-patterned 
ZnO buffer layer. It was found that ablation marks with 
diameters of less than 2.0 μm were periodically-aligned on 
the ZnO buffer layer. They were fabricated on the area of 
2.0×104 µm2 by only the one pulse irradiation at a fluence 
of 700 mJ/cm2. AFM and KPFM images, which are shown 
in Figs. 5(b) and (c), indicate that the laser-ablated region 
had lower surface work functions. According to the results 
as mentioned in section 2.2 and 2.3, densely-packed ZnO 
nanowires can be grown on laser-ablated region. 

Fig. 3 Tilted SEM images of ZnO nanowires grown on ZnO buffer layer. (a) At the boundary between pre-laser irradiated region at 
300 mJ/cm2 and non-irradiated region and (b) at the boundary between non-irradiated region and pre-laser irradiated region at 500 
mJ/cm2. 

Fig. 4 (a) Schematic of four-beam laser interference irradia-
tion system. (b) Dependence of diameters of ablation marks 
on the interference laser fluences. 
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ZnO microcrystals and nanowires were grown on the 
micro-patterned ZnO buffer layer by NAPLD. Same exper-
imental conditions were employed as those of section 2.3. 
Figure 6(a) shows a 40° tilted-view SEM image of as-
grown ZnO nano/microcrystals. The surface of ZnO micro-
crystals were covered with many randomly-grown ZnO 
nanowires. These nanowires were removed by ultrasonic 
cleaning process, so that periodically-aligned ZnO micro-
crystals were remained, as shown in Fig. 6(b). 

When the diameter of patterns is larger, ZnO micro-
crystals have hollow structures. [9] Therefore, we believe 
that ZnO microcrystals were formed by coalescing ZnO 
nanowires each other. These ZnO microcrystals with diam-
eters of 1.5 µm can be applied to fabricate field emitter 
arrays and ZnO microcrystals-based LED arrays without 
catalyst. Furthermore, the diameter and aspect ratio of peri-
odically-aligned ZnO microcrystals can be controlled by 
adjusting laser parameters such as the fluence and pulse 
width as indicated in Fig. 4(b). 

3. Conclusion 

We found that the number density of ZnO nanowires is 
affected by pre-laser irradiation on ZnO buffer layers. De-
creasing effect of ZnO nanowires was observed at pre-laser 
annealed ZnO buffer layer at 300 mJ/cm2. Increasing effect 
of ZnO nanowires was determined at pre-laser ablated ZnO 
buffer layer at 500 mJ/cm2. It was found that work func-
tions were varied depending on laser fluences by the inves-
tigation about surface modification on ZnO buffer layer of 
laser irradiation by KPFM. Additionally, it was found that 
more densely-packed ZnO nanowires can be grown on the 
region with lower work function by NAPLD. KPFM can be 
a new intuitive method to evaluate locational surface prop-
erties of ZnO thin films. Finally, periodically-aligned ZnO 
microcrystals were fabricated on micro-patterned ZnO 
buffer layer using four-beam interfered laser. Since these 

techniques require only UV laser processing, they can de-
velop the application of ZnO micro/nano crystals due to 
their high-throughput. 
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Fig. 5 (a) The SEM image of periodically micro-patterned 
ZnO buffer layer. (b) The AFM image of the ablated mark. 
(c) The KPFM image of the ablated mark. 

Fig. 6  (a) The SEM image of ZnO microcrystals and nan-
owires grown on the periodically micro-patterned ZnO buffer 
layer and (b) its SEM image after ultrasonic cleaning process. 



<<

  /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



