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Porous Organic TFTs for the Applications on
Real-Time and Sensitive Gas Sensors

Hsiao-Wen Zan, Ming-Zhi Dai, Ting-Yu Hsu, Hung-Cheng Lin, Hsin-Fei Meng, and Yuh-Shyong Yang

Abstract—A pentacene-based organic thin-film transistor
(OTFT) with a porous active layer is demonstrated for the first
time. The porous OTFT exhibits a fast, sensitive, and reversible re-
sponse to ammonia gas with a detection limit as 500 ppb, whereas
the OTFT without porous structure has a slow response and a
poor recovery behavior. The sensing mechanism dominated by the
dissociation of hydroxyl groups of the polymer dielectric layer is
raised and discussed. The proposed device is the first OTFT-based
ammonia sensor with reversible response and high sensitivity in
low parts-per-million range. It is promising for the development
of a diagnostic breath analysis system.

Index Terms—Ammonia, gas sensor, pentacene, porous, thin-
film transistor (TFT).

I. INTRODUCTION

APOR sensors based on organic thin-film transistors

(OTFTs) have been developed by many groups [1]-[3].
Compared with vapor sensors based on inorganic field-effect
transistors (FETs) [4], [5], OTFTs are suitable for low cost, flex-
ible, large-area, and single-use throwaway electronics operated
at room temperature. When an organic semiconductor is known
to suffer from the reliability issue when exposed to air, develop-
ing a disposable organic-based sensor avoids the reliability is-
sues and meets the preference for biomedical applications. The
sensing selectivity can be established by using an OTFT sensor
array with various organic materials to form a sensing map
[1] or by synthesizing specific functional groups to react with
target gaseous molecules [2]. Vapor sensing in OTFTs relies on
the charge transferring in the channel region. The diffusion of
gaseous molecules through the grain boundaries of the organic
active layer into the channel region is critical. Increasing the
grain-boundary density was proposed to improve the sensing
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Fig. 1. (a) Process flow and schematic structures of the porous transistor.
(b) Transfer characteristics of STD and porous OTFTs measured in atmosphere
and N7 conditions. Drain bias is —5 V (color online).

response [6]. In Si-based FETs, the porous structure is used to
greatly improve the reaction between gaseous molecules and
porous gate [5]. In OTFTs, the porous structure has never been
proposed. In this letter, a simple method is proposed to fabricate
a porous active layer in the OTFT. A large channel sidewall area
is produced to directly contact with the analyte. A large, fast,
and reversible sensing response is achieved. Low-concentration
ammonia (NHs) is the analyte in this letter. The detection
limit of the proposed porous OTFT is 500 ppb, which is
better than the reported NH3 detection limit (10 ppm) by using
a conventional OTFT [3]. Low-concentration (50-2000 ppb)
NHj; detection is important for the development of a diagnos-
tic breath analysis system. The breath NHj concentration is
higher in patients with liver diseases or disturbed urea balance
(~0.7 ppm) than that in a normal person (< 0.3 ppm) [7], [8].
At present, only the optical system can detect low-concentration
NH;[7], [9]. A portable, cheap, and disposable solid-state NH3
sensor with low detection limit is in need.

II. EXPERIMENT

To realize the porous structure, the process of spontaneous
patterning of higher order nanostructures is used [10]. The
process flow is shown in Fig. 1(a). First, a 50-nm-thick alu-
minum gate electrode was evaporated through a shadow mask
on to a glass substrate. A commonly used cross-linkable
poly(4-vinyl phenol) (PVP) obtained from Aldrich with a
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Fig. 2.  SEM image of the active region in the porous OTFT (color online).

molecular weight about 20000 was used as the polymer di-
electric material. Poly(melamine-co-formaldehyde) (PMF) was
used as the cross-linking agent. PVP with 8 wt.% was dis-
solved in propylene glycol monomethyl ether acetate with PMF,
whereas the PVP-and-PMF weight ratio was 11 : 4. The mixed
solution was then spun on substrate at 1200 r/min for 1 min.
After annealing on the hot plate at 200 °C for 1 h, a 420-nm-
thick PVP gate dielectric was formed. Then, the substrate was
exposed to ultraviolet/ozone treatment for 5 s to increase the
surface polarity of the PVP layer. Some samples, named as the
porous OTFT, were immersed in ethanol solution with 8 wt.%
positively charged polystyrene (PS) spheres. The PS spheres
with a diameter of 200 nm are adsorbed on the PVP surface
to serve as the shadow mask. Samples with PS spheres are
then sequentially transferred to a beaker with ethanol and to
a beaker with boiling isopropanol (isopropyl alcohol) solution
to remove excess PS spheres. Then, samples are blown dry
by a unidirectional nitrogen flow. The positively charged PS
spheres become neutral in the drying process. A 50-nm-thick
pentacene (purity, 99.99%; Aldrich) is evaporated onto the
samples with a deposition rate at 1 A /s. A 100-nm-thick gold is
deposited through a shadow mask to complete the source/drain
contacts. Because a complete removal of PS spheres usually
damages the pentacene film, in this letter, the PS spheres are
left on the active layer without affecting the device operation.
Samples without PS spheres are served as the standard (STD)
samples. For all devices, the channel width and length are
1000 and 200 pm, respectively. Various NHs concentrations
are obtained by uniformly mixing various amounts of NHj
(from a cylinder that contains 100-ppm NHjs) with high-purity
nitrogen (N2) into a 20-cm-long U-shape tube. The amount
of Ny is controlled by a mass-flow controller. The amount of
100-ppm NHj is controlled by an electrical syringe pump.
The U-shape tube with mixed gas is connected to a microfluid
measuring system made by Teflon (polytetrafluoroethylene;
width = 1 cm, length = 3.5 cm, and height = 0.1 cm). The gas
pressure is 1 atm.

III. RESULTS AND DISCUSSION

A scanning electron microscope (SEM) image of the porous
active layer is shown in Fig. 2. Because the diameter of the PS
spheres is 200 nm, the 50-nm-thick pentacene film is not able
to fully cover the spheres. Gaps with a width around 10-30 nm
between the PS spheres and the 50-nm-thick pentacene film are
clearly observed. These gaps enable a large area of the sidewall
of the pentacene film to directly contact with the analyte. The
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Fig. 3.
NH3 concentrations. (Inset) Chemical reaction equation of the
group in PVP and NH3 (color online).

Drain-current response of the STD and porous OTFTs to various
—OH functional

transfer characteristics of porous and STD OTFTs measured in
air are compared in Fig. 1(b). The threshold voltage, the field-
effect mobility, the subthrehsold swing, and the on/off current
ratio for porous OTFTs are —5 V, 0.77 cm?/(V - s), 2.2 V/dec,
and 4 x 103, Those for STD devices are —15 V, 0.52 cm?/
(V-s), 6.25 V/dec, and 4 x 10*. For OTFTs with PVP dielec-
tric, it is reported that the hydroxyl (—OH) groups in the PVP
film dissociate into negative-charged molecules when reacting
with water molecules [7]. The negative-charged molecules
enhance the accumulation of holes in the channel and hence
increase the carrier mobility, as well as the drain current Ipg.
For the porous OTFT, a large portion of the PVP layer contacts
with air through the gaps. A large amount of the —OH groups
dissociate into negative-charged molecules, and as a result, the
mobility in the porous OTFT is larger than that in the STD
OTFT. When devices are in a dry environment with pure No,
their transfer characteristics are shown by the hollow symbols
in Fig. 1(b). The field-effect mobilities of the STD and porous
OTFTs drop to be 0.125 and 0.03 cm?/(V - s), respectively.

The ammonia sensing responses of the STD and porous
OTFTs are compared by plotting the drain current as a function
of time exposed to different ambient conditions in Fig. 3. Due
to the bias stress effect, the STD device exhibits a decreased
drain current with increasing measuring time in the pure Ny
environment [11]. When the STD OTFT is exposed to NHs, a
current drop is observed. When NHj is removed, the current in-
crease is smaller than the current drop, indicating an incomplete
recovery. The sensing mechanism may be dominated by the
formation of acceptor-like deep states, which is a slow reaction.
The porous OTFT, on the contrary, exhibits a fast and reversible
current increase when exposed to NHj with concentrations
ranged from 0.5 to 3 ppm. The current increase indicates a
new sensing mechanism. The absolute current variation ratios
(the absolute current variation over the initial current value,
ie., |AI/Iy|) for the STD and porous OTFTs are plotted
as a function of NHj3 concentration in Fig. 4(a). |AI/Iy| of
the porous OTFT exhibits a linear relationship with the NH;
concentration.
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Fig. 4. (a) Absolute current variation ratio (the absolute current variation
over the initial current value) as a function of NH3 concentration. (b) Drain-
current variation of the porous OTFT when exposed to 3-ppm NH3 in wet No
conditions (RH ~ 80%) (color online).

The sensing mechanism of the porous OTFT is proposed to
be dependent on the dissociation of —OH groups in the PVP
film when reacting with ammonia molecules [12]-[14]. The
chemical reaction equation is shown in the inset of Fig. 3. In
a dry environment, —OH groups in the PVP film are mostly
neutral. When samples are exposed to ammonia, —OH groups
in the PVP film react with ammonia to form negatively charged
molecules. If samples are in a wet environment, —OH groups
are dissociated by reacting with water molecules [12]-[14], and
devices lose their response to ammonia molecules. The drain
current of the porous OTFT is plotted as a function of time
when exposed to a wet environment with or without ammonia,
as shown in Fig. 4(b). When 3-ppm ammonia is added into the
wet environment (the gray region), the porous OTFT has almost
no response to ammonia. For future applications, the control
of a dry testing environment is required, or a water-repelling
treatment on devices may be developed to suppress the moisture
effect.

IV. CONCLUSION

In this letter, a simple and low-cost method has been pro-
posed to fabricate the first porous OTFT to serve as a sensitive
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and fast response ammonia sensor. Compared with the STD
device, the porous structure significantly improves the sensing
behavior. The results open a new route to develop OTFTs as
sensitive gaseous sensors.

REFERENCES

[1] B. Crone, A. Dodabalapur, A. Gelperin, L. Torsi, H. E. Katz,
A. J. Lovinger, and Z. Bao, “Electronic sensing of vapors with organic
transistors,” Appl. Phys. Lett., vol. 78, no. 15, pp. 2229-2231, Apr. 2001.

[2] J. Huang, J. Miragliotta, A. Becknell, and H. E. Katz, “Hydroxy-

terminated organic semiconductor-based field-effect transistors for phos-

phonate vapor detection,” J. Amer. Chem. Soc., vol. 129, no. 30, pp. 9366—

9376, Aug. 2007.

J. W. Jeong, Y. D. Lee, Y. M. Kim, Y. W. Park, J. H. Choi, T. H. Park,

C. D. Soo, S. M. Won, I. K. Han, and B. K. Ju, “The response characteris-

tics of a gas sensor based on poly-3-hexylithiophene thin-film transistors,”

Sens. Actuators B, Chem., vol. 146, no. 1, pp. 4045, Apr. 2010.

J. H. Song and W. Lu, “Operation of Pt/AlGaN/GaN-heterojunction field-

effect-transistor hydrogen sensors with low detection limit and high sen-

sitivity,” IEEE Electron Device Lett., vol. 29, no. 11, pp. 1193-1195,

Nov. 2008.

G. Barillaro, A. Diligenti, A. Nannini, L. M. Strambini, E. Comini, and

G. Sberveglieri, “Low-concentration NO2 detection with an adsorption

porous silicon FET,” IEEE Sensors J., vol. 6, no. 1, pp. 19-23, Feb. 2006.

T. Someya, H. E. Katz, A. Gelperin, A. J. Lovinger, and A. Dodabalapur,

“Vapor sensing with o, w-dihexylquarterthiophene field-effect transistors:

The role of grain boundaries,” Appl. Phys. Lett., vol. 81, no. 16, pp. 3079—

3081, Oct. 2002.

[7] B. Timmer, W. Olthuis, and A. van den Berg, “Ammonia sensors and
their applications—A review,” Sens. Actuators B, Chem., vol. 107, no. 2,
pp. 666-677, Jun. 2005.

[8] C. Shimamoto, I. Hirata, and K. Katsu, “Breath and blood ammonia
in liver cirrhosis,” Hepato-Gastroenterol., vol. 47, no. 32, pp. 443445,
Mar. 2000.

[9] T. Hutter and S. Ruschin, “Non-imaging optical method for multi-sensing
of gases based on porous silicon,” IEEE Sensors J., vol. 10, no. 1, pp. 97—
103, Jan. 2010.

[10] Y. C. Chao, W. W. Tsai, C. Y. Cheng, H. W. Zan, H. F. Meng, S. L. Jiang,
C. M. Chiang, and M. C. Ku, “A 1-V operated polymer vertical transistor
with high on/off current ratio,” in IEDM Tech. Dig., 2009, pp. 1-4.

[111 H. W. Zan and S. C. Kao, “The effects of drain-bias on the threshold
voltage instability in organic TFTSs,” IEEE Electron Device Lett., vol. 29,
no. 2, pp. 155-157, Feb. 2008.

[12] D. Kumaki, T. Umeda, and S. Tokito, “Influence of HoO and O2 on
threshold voltage shift in organic thin-film transistors: Deprotonation of
SiOH on SiO2 gate-insulator surface,” Appl. Phys. Lett., vol. 92, no. 9,
pp. 093 309-1-093 309-3, Mar. 2008.

[13] Y. H. Noh, S. Y. Park, S. M. Seo, and H. H. Lee, “Root cause of hysteresis
in organic thin film transistor with polymer dielectric,” Org. Electron.,
vol. 7, no. 5, pp. 271-275, Oct. 2006.

[14] S. Lee, B. Koo, J. Shin, E. Lee, H. Park, and H. Kim, “Effects of hydroxyl
groups in polymeric dielectrics on organic transistor performance,” Appl.
Phys. Lett., vol. 88, no. 16, pp. 162 109-1-162 109-3, Apr. 2006.

[3

—

[4

=

[5

—

[6

=




<<
  /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 true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


