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Ink synthesis

Indium acetate (99.99%, Aldrich), tin bis(acetylacetonate) dichloride (98%, Aldrich),
acetylacetone (99%, Aldrich), tetramethylammonium hydroxide (25 wt% in H,0),
Aldrich), hydrogen peroxide (35 wt% in H»O, Fisher) are used as-received.
Concentrated ITO inks are prepared by first dissolving 0.09 g tin bis(acetylacetonate)
dichloride into 5.0 g acetylacetone at 90°C for 30 min on a hot plate. Next, 1.11 g
indium acetate is added into the solution to yield a Sn/In ratio of 0.06. A transparent
light yellowish solution results after stirring for 1 h. 1.0 g hydrogen peroxide is then
added drop-wise to the solution, followed by stirring for 30 min. Subsequently, 0.6 g
tetramethylammonium hydroxide is added drop-wise into the solution. After stirring for
1 h, hydrogen peroxide is added drop-wise in three aliquots (each 1 g, total 3 g) at 30
min intervals. Hydrogen peroxide plays a critical role in stabilizing the solution,
preventing phase separation due to recrystallization from occurring after cooling to
room temperature. The resultant solution is further concentrated by solvent evaporation
on a hot plate 120°C to yield ~ 28 wt% solids as ITO. This viscous, reddish yellow,

transparent ink is stable for several months under ambient conditions.

Direct-write assembly

A 3-axis micropositioning stage (ABL 9000 x-y-z motion, Aerotech Inc., Pittsburgh,
PA) is used to create patterned ITO structures, whose motion is controlled by computer-
aided design software (RoboCAD, 3D Inks, Stillwater, OK). Concentrated sol-gel inks
are housed in a syringe (3 mL barrel, EFD Inc., East Providence, RI) attached by a luer-
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lok to a tapered borosilicate nozzle (1-4 um in diameter, d). An air-powered fluid
dispenser (800 ultra dispensing system, EFD Inc.) is used to pressurize the barrel and
control the ink flow rate. The applied pressure required depends upon ink rheology,
nozzle diameter, and printing speed, but typical values range from 10 — 100 psi at 0.05 —
] mms™.

Planar arrays of ITO microelectrodes are patterned on corning 7059 glass or silicon
wafer substrates using a concentrated sol-gel ink (~ 25 wt% solids), which is deposited
through a 1 wm nozzle (pressure = 25 psi, speed = 500 pum s, center-to-center rod
spacing = 8 um). Next, spanning ITO microelectrodes are deposited using a more
concentrated, sol-gel ink (~ 28 wt% solids) through a 2 um nozzle (pressure = 50 psi,
speed = 200 um s, center-to-center rod spacing = 12 Um) on a substrate composed of
parallel rectangular silicon microribbons (width = 45 um, height = 26 um, center-to-
center spacing = 70 um). The Si microribbon array is prepared by lithography and
etching process; the detailed procedure appears elsewhere.'™ Planar and spanning ITO
microelectrodes are printed onto substrates, with a nozzle height (z) of 0.80 ~ 0.95d to
ensure moderate adhesion to the substrates. 3D periodic arrays of ITO microelectrodes
are patterned onto silicon wafers that are pre-coated with a sacrificial layer
(CrystalbondTM 509, Structure Probe, Inc., West Chester, PA, T, = 1210C).4 A
representative 8-layer structure is printed from a sol-gel ink (28 wt% solids) using a 1
wm nozzle (pressure = 95 psi, speed = 400 pum s, center-to-center rod spacing = 4 um).
All structures are printed in air at room temperature. The as-printed structures are
annealed at 570°C in air for 1 h, followed by reductive annealing at 570°C in flowing
N, for 1 h.

Ink and Printed Feature Characterization

The ink rheology is measured using a controlled-stress rtheometer (C-VOR, Malvern
Instruments, Malvern, UK) equipped with a cup and bob (C8, 8§ mm bob diameter, 0.4
mm gap) geometry at 25°C in the presence of solvent trap to prevent evaporation. The
elastic (G ) and viscous (G ”) moduli are measured as a function of drying time using an
oscillatory mode at a frequency of 1 Hz in the absence of the solvent trap.

Images of 1D and 3D arrays are obtained using a scanning electron microscopy (SEM,
JOEL 6060LV, JEOL Ltd.) after sputtering with Au/Pd for 30 s (Emitech K575 Sputter
Coater, Emitech Ltd.). The width (w) and height (%) of the printed features are evaluated

from the top- and cross-sectional images.
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XRD diffraction (D-Max, Rigaku International Corp., Tokyo, Japan) is carried out on
after annealing the ITO inks at different temperatures (250-550°C), followed by
grinding to produce powder specimens. Thermogravimetric analysis (TGA, Mettler
Toledo TGA/SDTAR851, Columbus, OH) is performed by heating the ITO ink to 700°C

at 10 °C min ! in air.

Electrical resistivity (p) is measured by a four-point probe method on ITO thin films
(thickness ~ 150 nm) produced by spin coating (3000 rpm, 60 s) a dilute ITO ink (5
wt% solids) on a corning 7059 glass substrate. The as-coated sample is dried at 120°C
for 5 min and then annealed at 570°C for 5 min by directly inserting the sample into a
tube furnace. The coating and annealing cycle is repeated seven times to achieve the
desired film thickness, while avoiding crack formation.™® For the last cycle, the
samples are annealed at 570°C for 1 h, followed by annealing under reductive
conditions (flowing N,) at 570°C for 1 h. Transmittance (7) of the planar arrays of
periodic (center-to-center spacing = 20-80 um) ITO microelectrodes are measured using
a UV-VIS spectrometer.

References

1 A.J. Baca, M. A. Meitl, H. C. Ko, S. Mack, H.-S. Kim, J. Dong, P. M. Ferreira, and
J. A. Rogers, Adv. Funct. Mater. 2007, 17, 3051.

D.-Y. Khang, H. Jiang, Y. Huang and J. A. Rogers, Science, 2006, 311, 208.

D.-H. Kim, J. Xiao, J. Song, Y. Huang, J. A. Rogers, Adv. Mater. 2010, 22,

published oneline, DOI: 10.1002/adma.200902927.
E. B. Duoss, M. Twardowski and J. A. Lewis, Adv. Mater., 2007, 19, 3485.

S. Seki, Y. Sawada and T. Nishide, Thin Solid Films, 2001, 388, 22.
Y. Takahashi, S. Okada, R. B. H. Tahar, K. Nakano, T. Ban and Yutaka Ohya, J.
Non-Cryst. Solids, 1997, 218, 129.

W N

(UL NN

(o)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /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 false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /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 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


