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Abstract

We have successfully achieved a transconductance of 0.76 S/m for organic thin-film transistors with 4 V operation, which is the largest value
reported for organic transistors fabricated using printing methods. Using a subfemtoliter inkjet, silver electrodes with a line width of 1 pmand
a channel length of 1 ym were printed directly onto an air-stable, high-mobility organic semiconductor that was deposited on a single-
molecule self-assembled monolayer-based gate dielectric. On reducing the droplet volume (0.5 fl) ejected from the inkjet nozzle, which reduces
sintering temperatures down to 90 °C, the inkjet printing of silver electrodes was accomplished without damage to the organic semiconductor.

Printing processes such as inkjet have attracted significant
attention for the fabrication of thin-film transistors (TF Ts)[1-4]
and other active devices, potentially offering less material con-
sumption and lower cost compared with more traditional device
manufacturing methods.”* Employing the combination of
inkjet and surface modification or electrohydrodynamic jet
printing,!'”) the spatial resolution of printing has been recently
reduced down to 1 um or less, and applied to the fabrication of
organic TFTs.’ 11

The main motivations to miniaturize dimensions of organic
TFTs are reduction in power dissipation and increase in oper-
ation speed. The cutoff frequency, f1, is formulated by fr=
gn/(2nCg), where g, and Cg represent transconductance
and gate capacitance, respectively; thereby, it is important
to increase g, For organic TFTs with a channel length of
90 nm, which were fabricated by electron beam lithography, g,
as high as 0.4 S/m,""? was reported. Furthermore, D. Frisbie
reported on ion-gel gated organic transistors with a large trans-
conductance (0.5 S/m).["*!

In order to improve g, in printed organic TFTs, it is impor-
tant to simultaneously realize an increase in mobility and a
decrease in device dimensions. In addition to improving g,
the parasitic capacitance between gate and source/drain electro-
des has to be minimized to increase fr. This may be achieved
by improving registration accuracy between electrodes and/or
by reducing the line width of electrodes. For example, organic
TFTs with a channel length of 1 um and a contact line width of

2 um were fabricated by a subfemtoliter inkjet.!''! However, the
mobility of printed organic TFTs was small (0.03 cm*/V s)
when the channel length decreased to the micrometer regime
due to the large contact resistance. Indeed, the printed silver
electrodes usually require relatively high sintering temperatures
(130 °C in Ref. 11), which degrade the interfaces between
organic semiconductors and silver electrodes. To further
increase g, in printed organic TFTs, a better control of inter-
facial quality has to be achieved by ultrafine printing as
described below.

Employing subfemtoliter inkjet printing, we report here
the successful fabrication of a high-performance top-contact
organic TFT using a self-assembled gate dielectric and silver
contacts deposited by subfemtoliter inkjet printing with a con-
tact line width of 1 um and a channel length of 1 um. By redu-
cing the sintering temperature of printed silver electrodes down
to 90 °C, the device exhibits a mobility of 0.2 cm?/V s and a
transconductance of 0.76 S/m at an operation voltage of 4 V.
To the best of our knowledge, this is the highest transconduc-
tance reported for organic TFTs fabricated using printing.

The TFTs and circuits were manufactured on silicon sub-
strates. The TFTs employ the top-contact geometry, which
is similar to the one reported in Ref. 11, although the
semiconductor is replaced by DNTT and the process con-
ditions are optimized. A photograph of a printed and sintered
silver nanoparticle contact is shown in Supplementary Fig. 1
online. The contacts had a line width of 1 pm and, because
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the droplet volume was less than 1 fl, could be printed with
a line spacing (i.e., a channel length) as small as 1 um.
The 25-nm-thick aluminum gate electrodes were first depos-
ited through a shadow mask onto the substrate. The surface
of the aluminum was exposed to oxygen plasma to create a
4-nm-thick aluminum oxide (AlO,) layer. The plasma power
was 300 W and the duration of the plasma treatment was
30 min. The substrate was then dipped for 16 h in a 2-propa-
nol solution containing 5 mM of n-tetradecylphosphonic acid
to form a self-assembled monolayer (SAM) on the surface of
the aluminum oxide layer..'*'>! Thus, the AlO,/SAM gate
dielectric had a total thickness of 6 nm and a capacitance
per unit area (Cgjep) of 700 nF/cm?, which allowed the transis-
tors and circuits to operate with voltages of 2-3 V. The
30-nm-thick films of dinaphtho-[2,3-b:2",3'-f]thieno[3,2-5]
thiophene (DNTT)!'® were vacuum deposited through sha-
dow masks onto the gate dielectric as the organic semiconduc-
tors for the p-channel TFTs. Finally, silver nanoparticles
(NPS-J-HP, Harima Chemical Co. Ltd., Japan) were depos-
ited directly onto the organic semiconductors by subfemtoli-
ter inkjet printing to form the source and drain contacts of
the top-contact organic TFTs. After sintering the printed

pL-printed Ag

(b)

nanoparticles at a temperature of 90 °C for 5 h in nitrogen,
the printed lines had a resistivity of about 20 uQ cm, which
was sufficiently low for the source and drain contacts of the
organic TFTs.

Figure 1(a) shows a SEM image of a completed DNTT TFT.
There was no scattering of ink in the transistor channel.
Figure 1(b) shows cross-sectional TEM images of TFTs in
which the silver contacts were deposited by picoliter inkjet
printing (left) and subfemtoliter inkjet printing (right). As can
be seen, when the nanoparticles were deposited by picoliter
inkjet printing, the nanoparticle ink seeped into the organic
semiconductor layer, while in the case of subfemtoliter inkjet
printing, there was no visible damage to the organic semi-
conductor.

All of the electrical measurements were carried out in ambi-
ent air. Figure 2(a) shows the transfer characteristics of DNTT
TFTs fabricated by subfemtoliter inkjet printing of the source
and drain contacts with channel lengths ranging from 1 to
98 um. Even for the shortest channel length of 1 um, the trans-
fer characteristics had negligible hysteresis, steep subthreshold
slope (90 mV/decade), small off-state drain currents (<20 pA),
and large on/off ratios (>107). The output characteristics of a

Source & Drain
electrodes

; ' (Printed Ag)

Organic semiconductor

flprinted gl

Figure 1. SEM and TEM images of organic transistors. (a) SEM image of a DNTT transistor. The line width of the inkjet-printed contacts and channel length
are 1 um. (b) Cross-sectional TEM images of DNTT transistors in which the silver nanoparticle contacts were deposited by picoliter inkjet printing (left)

and subfemtoliter inkjet printing (right).
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Figure 2. Electrical characteristics of DNTT p-channel TFTs. (a) Transfer characteristics of DNTT TFTs with channel lengths of 1, 2.2, 8.3, 48.5, and 97.7 pm
(channel width is 500 pum for all devices). (b) Output characteristics of a DNTT TFT with a channel length of 1 pm and a channel width of 500 pm. (c) Dependence
of the threshold voltage and apparent mobility of the transistors on the channel length. (d) Channel resistance of DNTT TFTs measured in the saturation
regime as a function of channel length. Solid and open circles represent DNTT TFTs with silver nanoparticle contacts deposited by subfemtoliter inkjet printing
and DNTT TFTs with evaporated gold contacts patterned using shadow masks, respectively. (e) Transconductance of DNTT TFTs as a function of inverse channel
length. Solid and open circles and gray triangles represent DNTT TFTs with silver nanoparticle contacts deposited by subfemtoliter inkjet printing, DNTT TFTs
with evaporated gold contacts patterned using shadow masks, and DNTT TFTs with silver nanoparticle contacts deposited by picoliter inkjet printing,
respectively. (f) Transconductance of a TFT with a channel length of 1 pm plotted as a function of gate—source voltage (gm = dlp/0Vss).

DNTT TFT with a channel length of 1 um are shown in
Fig. 2(b), showing reasonable saturation of the drain current.
When the channel length was reduced to 1 um, the threshold
voltage shifted toward more positive values [Fig. 2(c)]. The
observed channel-length dependence of the threshold voltage

is known as the threshold-voltage roll-off effect,!'”! while the
observed decrease in the apparent field-effect mobility is the
result of the increasing impact of contact resistance on total
device resistance as channel length (and hence channel resist-
ance) is reduced.!'®!
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The channel resistance of TFTs was measured in the satur-
ation regime with inkjet-printed silver nanoparticle source and
drain contacts and the results were compared with those of
TFTs with evaporated and shadow-mask-patterned gold source
and drain contacts as a function of channel length [Fig. 2(d)].
By extrapolating the linear fit to a channel length of zero, the
contact resistance can be determined.!"® The TFTs with inkjet-
printed silver nanoparticle contacts had a contact resistance of
980 Q cm, while the TFTs with evaporated gold contacts had
a contact resistance of 970 Q cm. Considering workfunctions
of contact metals (silver: 4.4 eV; gold: 5.0 ¢V) and the ioniz-
ation potential of DNTT (5.4 eV; see Ref. 16), a larger differ-
ence between the contact resistances would have been
expected. A possible explanation for the surprisingly small con-
tact resistance in the case of the silver nanoparticle contacts is
that the workfunction of the printed nanoparticles was larger
than that of bulk silver for exposure to oxygen!'*?°! and/or
the different morphology of the metal-organic semiconductor
interface and its effect on the electrical properties of the
transistors.

Because of the short channel length (L =1 um) in combi-
nation with the relatively large mobility (>0.1 cm?/V s) and
relatively small contact resistance (<1 k€ cm), the transcon-
ductance (g, =0Ilp/0Vss) normalized to the channel width
(W) of the TFTs reached a value as high as 0.76 S/m at a
drain—source voltage of —4 V [see Figs. 2(e), 2(f) and
Supplementary Fig. 2 online]. On the other hand, the transcon-
ductance is 0.1 S/m for DNTT TFTs with source and drain con-
tacts (channel length L ~20 um) that were patterned by a
shadow mask technique in the evaporation system, while it is
0.03 S/m for DNTT TFTs with printed source and drain con-
tacts (L ~ 30 um) by using a picoliter inkjet. The present trans-
conductance of 0.76 S/m is the largest transconductance
reported for organic transistors fabricated using printing
methods. For a contact line width (AL) of 1 um and a channel
width of 500 um, the calculated gate capacitance of these
TFTs was about 10 pF (Cg~ Cgie1* (L+2-AL)W), which
suggests a theoretical cutoff frequency of about 6 MHz
(fr~gm/(2xCg)). This calculated cutoff frequency was
similar to the cutoff frequency estimated by Noh et al. for
polymer TFTs with a channel length of 200 nm and a self-
aligned gate electrode.”
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Supplemental data

Figure S1. Optical microscopy image of the organic thin-film transistors with patterned Al gates,
ultrathin AIOy/SAM gate dielectric, vacuum-deposited DNTT as the semiconductor, and
subfemtoliter inkjet-printed Ag nanoparticle source/drain contacts. The channel length is 1 pm.
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Figure S2. Electrical characteristics of DNTT TFTs with channel lengths of 1 pm (Vps = -4 V)

(a) Drain current as a function of gate-source voltage (b) Square root of drain current as a
function of gate-source voltage.

(a) (b

S—

& 0.03
i 10+ ?:“:.’ Vps =4V
= L
— i o
< ) =
= 10°F 10°® 9 3 0.02F
@ L o =
E o O L
3 108 108 5 =
= 5 2 0.01
© - = — L
- 0 -
(=) 10 o
-10 100> £
10 1,': -~ E L
|‘| Lh - ©
B _ ‘1| “J ) ﬁ
i l|, iy '14' .'l'l-" =)
1012 ot % E 10-12 g o . . .

0 -1 -2 -3 -4 0 -1 2 3 -4
Gate-source voltage (V) Gate-source voltage (V)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 150
  /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 400
  /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 (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 [612.000 792.000]
>> setpagedevice


