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High Mobility Bilayer Metal–Oxide Thin Film
Transistors Using Titanium-Doped InGaZnO
Hsiao-Hsuan Hsu, Chun-Yen Chang, Chun-Hu Cheng, Shan-Haw Chiou, and Chiung-Hui Huang

Abstract— We report a high performance indium-gallium-zinc
oxide (IGZO)/IGZO:Ti bilayer metal–oxide thin-film transistor
(TFT) with a low drive voltage of <2 V. Compared with
conventional IGZO TFTs, the novel bilayer metal–oxide TFTs
through IGZO thickness modulation can reach the lowest off
current of 1.6 × 10−11 A, smallest sub-threshold swing of
73 mV/decade, and highest mobility of 63 cm2/Vs, which may
create the potential application for high resolution display.

Index Terms— TiO2, indium–gallium–zinc oxide (IGZO),
thin-film transistor (TFT), mobility, gettering.

I. INTRODUCTION

INDIUM-gallium-zinc oxide (IGZO) thin-film transistor
(TFT) devices have drawn much attention due to large

driving current and low thermal budget. The highly integrated
capability at low temperature is especially required for driving
high-resolution organic light-emitting-diode (OLED) [1], [2].
Although the high-κ dielectrics were demonstrated for low-
temperature TFT fabrication [3]–[9], some critical issues still
cannot be overcome including large operating voltage, poor
sub-threshold swing and low device mobility that are all crit-
ical for high-resolution display application. The low-mobility
channel would limit circuitry operating frequencies and corre-
sponding display response time [10] in OLED display.

To address these issues, we fabricated a high perfor-
mance amorphous metal-oxide TFT using bilayer structure
of IGZO/IGZO:Ti. The top IGZO with Titanium (Ti) doping
can act as mobility booster to enhance device mobility and
also greatly improve transistor switching characteristics. The
good transistor characteristics of lowest drive voltage (VG–VT )
of <2V, smallest sub-threshold swing (SS) of 73 mV/decade
and highest field effect mobility (μF E ) of 63 cm2/Vs can be
achieved in this novel TFTs with thickness modulation.

II. EXPERIMENTS

The TFT device with bottom gate structure was fabricated
on the 200-nm-thick insulating SiO2 grown on RCA-clean Si
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substrate. A 35-nm-thick TaN was first deposited by sputtering
and patterning as a bottom gate electrode. Subsequently, a
56-nm-thick HfO2 gate dielectric with large conduction band
offset [11] in contact with IGZO was deposited and followed
by a 400 °C N2 annealing. Then the IGZO film with different
thickness range from 10∼20 nm and 5-nm-thick IGZO:Ti
film were deposited under an argon ambient with 30% O2
mixing and a chamber pressure of 7.6 mTorr at a dc power
of 70W. After that, the films stack was annealed at 300 °C in
N2 ambient. The IGZO:Ti film was deposited co-sputtered by
IGZO and Ti targets. The IGZO:Ti films was also examined
by X-ray photoelectron spectroscopy (XPS). The cation ratio
for In/Ga/Zn/Ti was 24/18/12/46. After depositing gate stacks,
280-nm-thick Al was thermally evaporated onto active region
to form source and drain contact. The single-layer IGZO TFT
was also fabricated with the same process for performance
comparison. The bilayer metal-oxide TFTs with channel size
of 540 μm × 40 μm were measured using a HP4284A
precision LCR meter and a HP4156C semiconductor parame-
ter analyzer.

III. RESULTS AND DISCUSSION

Fig. 1 shows the schematic plot and TEM picture of high-κ
HfO2 TFT using bilayer metal-oxide of IGZO/IGZO:Ti. Here,
the IGZO and IGZO:Ti channel layers were examined by
X-ray diffraction (XRD), where the diffractograms exhibits
amorphous phase. The measured capacitance density in HfO2
capacitor is 0.27 μF/cm2 at 100 kHz, which gives an accept-
able κ value of 17. The high-κ dielectric can lower capacitance
equivalent thickness (CET) and operating voltage.

For performance comparison, a single-layer 15-nm-thick
IGZO TFT as control sample was also fabricated. The 20-30
TFT devices located near wafer center were measured for
each split condition to confirm the device performance and
experimental results.

In Fig. 1(b) and Fig. 1(c), the output Id –Vd and transfer
Id –Vg characteristics measured in control IGZO TFT shows an
on/off ratio of 6 × 105, threshold voltage (VT ) of 1.15V, large
SS of 171 mV/decade and low μF E of 5.1 cm2/Vs. The low
μF E and small driving current cannot meet the requirement of
active matrix organic light-emitting diode (AMOLED) display,
even with low drive voltage (VG–VT ) of <2.5V. Fig 2(a) and
2(b) are the Id –Vd and Id –Vg characteristics of IGZO/IGZO:Ti
bilayer metal-oxide TFTs, respectively. Compared to the con-
trol single-layer IGZO TFT, the IGZO/IGZO:Ti bilayer metal-
oxide TFT shows the on-current (Ion) of 1.6 × 10−4 A that is
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Fig. 1. (a) Schematic structure and TEM picture of IGZO/IGZO:Ti bilayer
metal-oxide TFT device. (b) Id –Vd and (c) Id –Vg characteristics of control
IGZO TFT device.

100× higher than IGZO TFT. The small SS of 73 mV/decade
and VT of 0.86V are also extracted from Id –Vg curve, which
are lower than 171 mV/decade and 1.15V of control IGZO
TFT, respectively. Such small gate swing is supported by a
lower drive voltage below 2 V. More importantly, the obtained
μF E of 53 cm2/Vs is 10× higher than control IGZO TFT,
which is beneficial to drive a high current OLED device.
The improved VT and SS are attributed to the modification
of interface barrier height near source/drain sides due to the
passivation of IGZO:Ti, but the effective carrier injection may
not contribute such high mobility enhancement. The smaller
VT of 0.86V is also measured. The excellent performance is
attributed to the capping effect of thin IGZO:Ti layer. The Ti
atom with higher bond enthalpy of Ti-O (672 kJ/mol) [12]
is preferred to getter oxygen atom [13] and creates oxygen
vacancies in bottom IGZO layer. The channel carrier is mainly
dominated by oxygen vacancy in IGZO channel, as seen in

Fig. 2. (a) Id − Vd and (b) Id –Vg characteristics of IGZO/IGZO:Ti bilayer
metal-oxide TFT devices and control single-layer IGZO TFT. The square root
of drain current as a function of gate voltage for threshold voltage extraction
by linear extrapolation.

the following equation: InGaZn-Ox + V 2+
I nGa Zn−Ox+2e− →

InGaZn-O∗
x [14]–[16]. Here, the V 2+

I nGa Zn−Ox represents the
oxygen vacancies in IGZO channel that are responsible for
carrier concentration.

Furthermore, the top IGZO:Ti layer not only acts as a
gettering layer, but also a passivation layer to improve gate
leakage. From the comparison of channel leakage in Fig. 3(a),
the bilayer IGZO/IGZO:Ti shows a lower leakage than con-
trol IGZO. The low channel leakage at low electric field is
favorable to reach a low off current (Iof f ) and high Ion/Io f f

ratio. It is worth to note that the channel leakage becomes
large at a thicker IGZO channel (inset) that may influence
gate control capability. Fig. 3(b) shows Id –Vg characteristics
of IGZO/IGZO:Ti bilayer metal-oxide TFT with different
channel thickness of bottom IGZO. The bilayer metal-oxide
device further achieves 20× lower Io f f of 1.6 × 10−11.
A with reducing IGZO thickness from 20 nm to 10 nm. The
thicker IGZO channel may contain more oxygen vacancies
or defects that result in higher Iof f (lower VT ) and poor
SS [17]. Additionally, a much higher μF E of 63 cm2/Vs
is simultaneously obtained at this scaled channel thickness,
which will be greatly helpful for scaling transistor size and
improving pixel aperture ratio of high-resolution display. The
use of top IGZO:Ti layer and bottom IGZO thickness scaling
can provide better gate control capability to maximize charge
accumulation under gate biasing and reach high electron
mobility. Thus, the top IGZO:Ti capping layer plays a role
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Fig. 3. (a) I–V curve of IGZO and IGZO/IGZO:Ti channel layers.
(b) Id –Vg characteristics of IGZO/IGZO:Ti bilayer metal-oxide TFT devices
with different thicknesses of bottom IGZO layer.

Fig. 4. Field-effect mobility sub-threshold swing and threshold voltage as
a function of IGZO thickness for IGZO/IGZO:Ti bilayer metal-oxide TFT
devices.

of mobility booster to improve not only μF E but also SS and
Io f f .

The Id –Vg characteristics as a function of IGZO thickness
are summarized in Fig. 4. Compared to conventional IGZO
TFT with large SS and low μF E , the bilayer metal-oxide
TFT with optimized thickness modulation features the best
performance of lowest drive voltage of <2V, smallest SS of
73 mV/decade, and highest μF E of 63 cm2/Vs. For a thicker
IGZO case (20 nm), the correspondingly smaller driving
current at VG = 1.5V can be ascribed to large off current
and poor gate control capability that lead to a slight mobility

degradation. Fortunately, the appropriate IGZO thickness
scaling can improve these issues.

IV. CONCLUSION

By integrating a bilayer metal-oxide structure, a high mobil-
ity IGZO TFT with low drive voltage was demonstrated. The
good device integrity of lowest drive voltage of <2 V, smallest
SS of 73 mV/decade and highest μF E of 63 cm2/Vs can be
achieved in bilayer metal-oxide TFT through IGZO thickness
modulation.

REFERENCES

[1] R. Fardel, M. Nagel, F. Nuesch, et al., “Fabrication of organic light-
emitting diode pixels by laser-assisted forward transfer,” Appl. Phys.
Lett., vol. 91, no. 6, pp. 061103-1–061103-3, Aug. 2007.

[2] C. D. Muller, A. Falcou, N. Reckefuss, et al., “Multi-colour organic
light-emitting displays by solution processing,” Nature, vol. 421,
no. 6925, pp. 829–833, Feb. 2003.

[3] C. D. Dimitrakopoulos, S. Purushothaman, J. Kymissis, et al., “Low-
voltage organic transistors on plastic comprising high-dielectric constant
gate insulators,” Science, vol. 283, no. 5403, pp. 822–824, Feb. 1999.

[4] P. Barquinha, A. M. Vila, G. Goncalves, et al., “Gallium–indium–zinc–
oxide-based thin-film transistors: Influence of the source/drain material,”
IEEE Trans. Electron Devices, vol. 55, no. 4, pp. 954–960, Apr. 2008.

[5] K. Nomura, H. Ohta, K. Ueda, et al., “Thin-film transistor fabricated in
single-crystalline transparent oxide semiconductor,” Science, vol. 300,
no. 5623, pp. 1269–1272, May 2003.

[6] A. Suresh, P. Wellenius, and J. F. Muth, “High performance transparent
thin film transistors based on indium gallium zinc oxide as the channel
material,” in Proc. IEEE IEDM, Dec. 2007, pp. 587–590.

[7] M. J. Yu, Y. H. Yeh, C. C. Cheng, et al., “Amorphous InGaZnO thin-film
transistors compatible with roll-to-roll fabrication at room temperature,”
IEEE Electron Device Lett., vol. 33, no. 1, pp. 47–49, Jan. 2012.

[8] C. H. Cheng, F. S. Yeh, and A. Chin, “Low-power high-performance
non-volatile memory on a flexible substrate with excellent endurance,”
Adv. Mater., vol. 23, no. 7, pp. 902–905, Feb. 2011.

[9] H. H. Hsu, C. Y. Chang, and C. H. Cheng, “A flexible IGZO thin-
film transistor with stacked TiO2-based dielectrics fabricated at room
temperature,” IEEE Electron Device Lett., vol. 34, no. 6, pp. 768–770,
Jun. 2013.

[10] S. Ju, J. Li, J. Liu, et al., “Tansparent active matrix organic light-emitting
diode displays driven by nanowire transistor circuitry,” Nano Lett., vol. 8,
no. 4, pp. 997–1004, Dec. 2007.

[11] H. Cho, E. A. Douglas, B. P. Gila, et al., “Band offsets in
HfO2/InGaZnO4 heterojunctions,” Appl. Phys. Lett., vol. 100, no. 1,
pp. 012105-1–012105-3, Jan. 2012.

[12] C. H. Cheng, K. I. Chou, and A. Chin, “Gate-first n-MOSFET with a
sub-0.6-nm EOT gate stack,” Microelectron. Eng., vol. 109, pp. 35–38,
Sep. 2013.

[13] H. Kim, P. C. McIntyre, C. O. Chui, et al., “Engineering chemi-
cally abrupt high-κ metal oxide/silicon interfaces using an oxygen-
gettering metal overlayer,” J. Appl. Phys., vol. 96, no. 6, pp. 3467–3472,
Sep. 2004.

[14] M. J. Gadre and T. L. Alford, “Highest transmittance and high-mobility
amorphous indium gallium zinc oxide films on flexible substrate by
room-temperature deposition and post-deposition anneals,” Appl. Phys.
Lett., vol. 99, no. 5, pp. 051901-1–051901-3, Aug. 2011.

[15] T. Kamiya, K. Nomura, and H. Hosono, “Subgap states, doping
and defect formation energies in amorphous oxide semiconductor
a-InGaZnO4 studied by density functional theory,” Phys. Status Solidi
A, vol. 207, no. 7, pp. 1698–1703, Jan. 2010.

[16] J. Yao, N. Xu, S. Deng, et al., “Electrical and photosensitive characteris-
tics of a-IGZO TFTs related to oxygen vacancy,” IEEE Trans. Electron
Device, vol. 58, no. 4, pp. 1121–1126, Apr. 2011.

[17] D. H. Kim, N. G. Cho, S. H. Han, et al., “Thickness dependence of
gate dielectric and active semiconductor on InGaZnO4 TFT fabricated
on plastic substrates,” Electrochem. Solid-State Lett., vol. 11, no. 12,
pp. H317–H319, Sep. 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /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 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /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 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 <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 PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


