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Consideration of a Local Aluminum-Induced Crystallization Process
Guided along the p-Holes Fabricated with fs Laser Pulses
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A polycrystalline silicon (poly-Si) film is produced by the aluminum-induced crystallization
(AIC) process guided along the pm-sized laser hole and characterized for application to a seeding
layer of poly-Si solar cells. We investigated the crystallization of amorphous silicon (a-Si) films
using the AIC process with a structure of glass/Al/SiO,/a-Si in which the silicon oxide (SiO,) layer
has holes with 1 ~ 2 um in diameter so that the AIC process occurred only through the hole. The
purpose of our experiment is to see the poly-Si grain growth, if possible, from a single poly-Si seed
in the AIC process. For the experiment, the microhole array of about 1 ~ 2 um in diameter is
prepared in the SiO, layer of the structure using femtosecond laser pulses and the AIC process is
carried out with the conventional heat treatment procedure. As results, it is observed that the
crystallization of a-Si occurred only in the area under the microhole and the grain of poly-Si grew to
the size of over 3 um. Furthermore, it was shown that the grain grew with one dominant crystal

orientation.
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1. Introduction

Crystalline silicon-based thin-film solar cells, in recent,
have been received attention as a promising alternative to
the conventional bulk silicon solar cells due to its
applicability of the inexpensive foreign substrates like glass
[1-3]. For the fabrication of polycrystalline silicon (poly-
Si) thin film solar cell, it is necessary to prepare for a good
quality poly-Si thin film as a seeding layer on the glass
substrate [4].

Among the various techniques to grow the crystalline
silicon films on the glass substrate, aluminum-induced
crystallization (AIC) process of amorphous silicon (a-Si) is
an attractive candidate that could obtain a poly-Si seeding
layer having the large size grains and preferential crystal
orientation at a low temperature [3, 5].

In AIC process, the effect of native oxide layer at Al/a-
Si interface as a key membrane on the poly-Si grain size
and preferential crystal orientation is highly significant and
thus several previous researches were reported the AIC
process with this structure [6, 7].

Consequently the grain growth and the relevant crystal
orientation are only analyzed experimentally on a large
area [8, 9].

In fact, however, many local AIC processes occurred in
the whole area and affect each other resulting poly-Si grain
growth [10-12]. It is also interesting to see the grain growth
by a local AIC process in a narrow area and the relevant
crystal orientation.

If the local AIC processes could occur uniformly in the
whole area, it could be obtained a large size grain and the
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relevant crystal orientation with the better probability and
reproducibility.

In this paper, it is characterized that a poly-Si grain was
formed by a local AIC process through a microhole
fabricated with fs laser pulses. In addition, the influence of
a thick SiO, layer with the microhole array upon the
crystallization of a-Si in the AIC process is demonstrated
macroscopically.

2. Experiments

For the amicable AIC experiments, glass/Al/SiO,/a-Si
structures were prepared where an aluminum (Al) layer
was deposited on glass substrate by a dc magnetron sputter,
SiO, and a-Si films by PECVD method as described in Fig.
1. A thin ALO; buffer layer between Al and SiO, was
natively oxidized in ambient atmosphere.

Prior to the deposition of a-Si film on the SiO, layer, as
shown in Fig. 2, a 30x30 microhole matrix with a very tiny
diameter of approximately | ~ 2 um and a pitch of around
30 um was fabricated using the femtosecond laser pulses to
induce the localized AIC process through the holes. In
accordance with the previous research report [13], the
periodic 3-D SiO, holes structure has wide applications to
reduction of surface reflectivity of the optical devices. The
average depth of holes measured with atomic force
microscope (AFM) was about 120 nm. Also, the sample
surface was not cleaned prior to the a-Si layer deposition in
order to protect from the deformation and blockage of hole.

The annealing temperature was varied from 450 to
550°C whereas the sample heating was kept at the same
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[Glass substrate]

+ Ultrasonic cleaning
(Acetone+Ethanol)

- DI water rinse

Eagle
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[Metal layer deposition]
- Target : Al (SN)

+ Thickness : 300 nm

* Deposition : DC sputter

[Oxide layer deposition]
- Target : SiO,

* Thickness : 100 nm

* Deposition : PECVD

[Microhole fabrication]
* Drill tool : fs laser

- Hole diameter : 1~2 um
- Hole pitch : 30 um
[a-Si deposition]

+ SiH4:H, = 1:5 sccm

* Thickness : 300 nm

+ Deposition : PECVD

Fig. 1 Process sequence for the sample preparation.

time of 2 hours regardless of temperature in the furnace of
nitrogen circumstance. All annealing processes were
monitored with the in-situ microscope. After annealing, the
sample was cut by focused ion beam (FIB) milling near the
hole in order to analyze the AIC result. The characteristics
of AIC were closely examined by scanning electron
microscope (SEM) and transmission electron microscope
(TEM) with a cross-sectional profile of the prepared sample.

Process conditions
Woavelength : 800 nm
Pulseenergy: 2.5n]
Pulsewidth: 180fs
Pulserep. rate: 100KHz
Pulse delay time: 200~ 700ms
Beamsize: 6 mm
Focusedbeam waist: 1.7 pm

& & F ¥ ¥+ ¥

Fig. 2 (a) Image of the experimental setup for fabrication of
the microhole array using fs laser pulses, (b) SEM image of
microhole array with a diameter of 1 ~2 pum and a pitch of 30
um fabricated by fs laser pulses, (c) enlarged picture of a

microhole in Fig. 2(a) (insert :
microhole).

AFM scan image of a
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Table 1 Experimental procedure of the AIC process.

- Substrate : Eagle 2000 (Corning glass)

+ Aluminum layer : 300 nm using DC sputter

- Sputtering target : Al (SN)

+ Al,O; layer : <2 nm exposure to ambient air
+ Si0; layer : 100 nm using PECVD

- a-Si layer : 300 nm using PECVD

Deposition
conditions

Microhole
fabrication

*Hole : 1 ~2 pum dia. using fs laser pulses
+ Pattern : distance of 30 um (center to center)

- Heating stage : LinKam, TMS 94
* Flow gas : N, 20 sccm

Annealing * Process pressure : atmosphere a-Si layer

conditions - Sample size : 10x 10 mm?

* Annealing temperature : 450, 500, 550°C
+ Annealing time : 120 min

Window

N

Fig. 3 A furnace system with the in-sifu microscope for sample
annealing.

Detailed sample preparation, the experimental condition
and schematic diagram of the heating chamber are
described in Table 1 and Fig. 3.

3. Results and discussion

3.1 Scanning electron microscope (SEM) analysis

As results of AIC process it can be seen that in the case
without the microhole the thick SiO, layer hinders the AIC
process at the Al/a-Si interface and only the Al layer was
expanded in volume (see Fig. 4(a)). And in the case with
the microhole in Fig. 4(b), the AIC process is successfully
carried out so that the diffused Al traces are seen on the
surface of the top layer where the microhole is made only
for the SiO, layer (hole #1). In the case of hole #2,
however, the hole is penetrated into the Al layer and the Al
could not diffused though the hole into the upper a-Si layer,
resulting no sufficient AIC process occurred. Figure 4(c)
represents the enlarged cross-sectional profile of hole #2 in
Fig. 4(b). Figure 4(d) shows the crystallization of the a-Si
under the area of the hole with a grain size of about 3 ~ 4
pm.

3.2 Crystallization and preferential orientation

In order to investigate the crystallization of a-Si and the
preferential orientation of poly-Si grains, the x-ray
diffractometer (XRD) analysis was carried out with the
samples annealed at 450, 500, and 550°C for 2 hours,
respectively. At relatively low temperature of 450°C, no Si
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Fig. 4 SEM images of (a) cross-sectional profile of the struc-
ture without the hole after heat treatment, (b) cross-sectional
profile of the structure with the holes after heat treatment : in
the case of hole preparation in the SiO, layer (hole #1) and in
the case of hole penetrated into the Al layer through the SiO,
layer (hole #2), (c) the enlarged cross-sectional profile of a
penetrated hole to Al layer and (d) the crystallization of the a-
Siunder the area of the hole.

peak except for the crystal orientation of (202) was
detected. As gradually elevated annealing temperature, the
Si peak of several orientation are detected but Al crystal is
still predominant.

Figure 5 shows the XRD data of poly-Si grain produced
at relatively high temperature of 550°C for 2 hours. In our
case, the crystallinity of poly-Si film with the dominant
crystal orientation of (111) was assumed to 85% from XRD
analysis as shown in Fig. 5.

3.3 Degree of crystallization

Regardless of the shape and diameter of the microhole
fabricated with fs laser pulses, the crystallization of a-Si
through the AIC process is fully achieved at a relatively
high temperature of 550°C as can be seen from the Raman
data of Fig. 6. From Fig. 6, the Si crystal peak of 520 cm™
could be detected under all the microhole areas of the
sample.
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Fig. 5 XRD data of the poly-Si grain produced by the AIC
process at the annealing conditions of 550°C and 2 hours.
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Fig. 6 Raman data of the poly-Si film produced by the AIC
process with the microhole structure.

3.4 Transmission electron microscope (TEM) analysis

TEM sample is prepared around the marked area of the
Fig. 4(d). As shown in the TEM image of Fig. 7(a), the
sample was too thin for the focused ion beam (FIB) milling
and as a result, partially drilled. However, in the rest area
poly-Si was observed as shown in Fig. 7(a) and
furthermore, Si grain has one dominant crystal orientation
as represented in Figs 7(b) and 7(c), respectively.

To investigate the preferential crystal orientation, the
diffraction ring pattern of poly-Si film was measured by
TEM. As already verified in the TEM images, most of the
poly-Si grains have Si (111) orientation as shown in Fig.
7(d).

3.5 Energy dispersive spectrometer (EDS) analysis

From the EDS spectrum profile of the TEM sample of
Fig. 8(a), it can be assumed that the poly-Si grain is formed
around the microhole center with a size of ~ 500 nm. As
known in Fig .8(b), it is an obvious evidence that Si peak in

(b)

I (222)
o

T
(-113)
5 1/nm

© (d)

Fig. 7 TEM images of (a) cross-sectional profile of the
structure as Fig. 4(d) and (b) the poly-Si film formed by the
AIC process (magnification of the marked area (see dot line) of
Fig. 7(a), x 590k). (c) Enlarged TEM image of the marked area
of Fig. 7(a) and (d) diffraction ring pattern of poly-Si produced
by the AIC process only through the microhole.
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Fig. 8 EDS profiles of the TEM sample.

the EDS spectrum only appeared around the center of
microhole, resulting in a poly-Si grain. The poly-Si grain
spectrum is shown in the marked area with the dot lines in
Fig. 8(b). Compared to the size of poly-Si grain in the SEM
analysis, the grain size measured from the TEM sample
was smaller than that from the SEM sample as can be seen
in Fig. 8(b).

The schematic diagram of the formed poly-Si grain,
TEM and SEM samples is shown in Fig. 9.

It is assumed that the samples for the SEM and TEM
analyses are prepared as represented in Fig. 9, so that the
grain sizes of the samples are different. The sample for
SEM indicates around the edge of the hole, whereas the
sample for TEM around the edge of the grain. However,
several hundred nanometers readily wandered from the
microhole edge whenever the sample are prepared for
measurement and eventually the fabricated sample has a
different size as mentioned previously.

From such assumption, the results of the different grain
size can be relevant to each other. And we assume that the
cylindrical poly-Si grain is formed with the maximum size
of 4 um.

Cross-section for
TEM sample fs laser dhrilled hole
{~1 pm)
Cross-section for
SEM samiple

Assume| poly-Si grain
(under the p-hole)

Fig. 9 The sample preparation methods for SEM and TEM
analyses, respectively.
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4. Summary

In summary, we have investigated the crystallization of
a-Si films using the AIC process with the glass/Al/SiO,/a-
Si sample. In the structure with the SiO, layer as a buffer,
crystallization of the a-Si was induced only through a
microhole and as results, the poly-Si grain with a size of 3
~ 4 um can be obtained.

A local AIC process guided along the pm-sized hole
could not form much larger grain than the size of the hole.
Therefore, for the formation of a larger grain, small crystals
from many local poly-Si seeds should be combined and
laterally grown.

Acknowledgments

This work was supported by the Industrial Technology
Research Infrastructure Program (N0000012, Infrastructure
establishment on the laser processing system for the next
generation micro applications) funded by the Ministry of
Trade, Industry and Energy (MOTIE, Republic of Korea).

References

[1] K. Yamamoto, M. Yoshimi, Y. Tawada, Y. Okamoto,

A. Nakajima and S. Igari : Appl. Phys. A, 69, (1999)

179.

M. J. McCann, K. R. Catchpole, K. J. Weber and A. W.

Blakers : Sol. Energy Mater. Sol. Cells, 68, (2001) 173.

H. Kuraseko, N. Orita, H. Koaizawa and M. Kondo :

Appl. Phys. Express, 2, (2009) 015501.

O. Nast and A. J. Hartmann : J. Appl. Phys., 88, (2000)

716.

Y. Sugimoto, N. Takata, T. Hirota, K. Ikeda, F.

Yoshida, H. Nakashima and H. Nakashima : J. J. Appl.

Phys., 44, (2005) 4770.

H. Kim, D. Kim, G. Lee, D. Kim and S. H. Lee : Sol.

Energy Mater. Sol. Cells, 74, (2002) 323.

Y. H. Zhao, J. Y. Wang and E. J. Mittemeijer : Appl.

Phys. A, 79, (2004) 681.

A. Sarikov, J. Schneider, M. Muske, 1. Sieber and S.

Gall : Thin Solid Films, 515, (2007) 7465.

1. Sieber, J. Schneider, 1. Doerfel, P. Schubert-Bischoff,

S. Gall and W. Fuhs : Thin Solid Films, 427, (2003)

298.

[10]0. Nast, T. Puzzer, L. M. Koschier, A. B. Sproul and S.
R. Wenham : Appl. Phys. Lett., 73, (1998) 3214.

[111G.J. Qi, S. Zhang, T. T. Tang, J. F. Li, X. W. Sun and
X. T. Zeng : Surf. Coat. Technol., 198, (2005) 300.

[12]D. He, J. Y. Wang and E. J. Mittemeijer : Scripta
Mater., 54, (2006) 559.

[13]J. Yang, F. Luo, T. S. Kao, X. Li, G. W. Ho, J. Teng,
X. Luo and M. Hong : Light-Sci. Appl., 3, (2014) e185.

(2]

(Received: June 15,2014, Accepted: November 11, 2014)




<<

  /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



