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The authors present a facile, low-cost methodology to fabricate high-performance In-Ga-Zn-O

(IGZO) bottom contact, bottom gate thin-film transistors (TFTs) by soft lithography. The IGZO

channel and indium tin oxide (ITO) source and drain were patterned using microcontact printing of

an octadecylphosphonic acid self-assembled monolayer (SAM). A polymer stamp was used for the

pattern transfer of the SAMs, which were then used as a chemical protection layer during wet etch-

ing. Excellent pattern transfer was obtained with good resolution and sharp step profiles. X-ray pho-

toelectron spectroscopy indicated that the microcontact printed SAMs can be effectively removed

from the ITO source/drain surfaces, allowing a high-quality interface to the IGZO channel for good

device performance. Scanning electron microscopy cross-sections of the devices indicate a smooth

and defect-free transition regions between the source/drain and semiconductor regions. The fabri-

cated TFTs have negligible gate-leakage currents, high average electron mobilities of 10.2 cm2/Vs,

and excellent on-off ratios of 2.1� 108. These results may provide new methodologies for low-cost

and large-area integration of IGZO-TFTs for a range of applications including flexible and transpar-

ent displays. VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4929984]

I. INTRODUCTION

Indium gallium zinc oxide (IGZO) has gained consider-

able attention as an oxide semiconductor for thin-film tran-

sistors (TFTs) over the past decade due to its low cost, ease

in fabrication of TFTs with good performance, and for

potential applications, including flexible and transparent

electronic devices.1,2 IGZO TFTs have relatively high aver-

age electron mobilities (lavg> 10 cm2/Vs) despite being

amorphous, and have been widely studied for use in a variety

of applications, including flat panel displays,1,3,4 gas detec-

tion,5 temperature,6 and light sensing.7 High-performance

IGZO-TFTs are also compatible with low temperature proc-

essing, which is necessary for flexible electronics on poly-

meric substrates.1,8 IGZO-TFTs have recently replaced

amorphous silicon TFT technologies for several display

applications.3,9 For display applications, the reliability of

IGZO-TFTs is very important and bias and bias-illumination

stress measurements have previously been performed on

IGZO devices.10,11 These results indicate that care must be

taken in optimizing processes to obtain IGZO-TFTs with

high stability.

Solution-based printing of IGZO-TFTs have been demon-

strated;12,13 however, typically much better device perform-

ance (e.g., device to device uniformity, increased electron

mobility and stability, reduced hysteresis, and high drain

current on/off ratios) can be obtained using vacuum depos-

ited films. The fabrication of TFTs from vacuum deposited

films usually is performed using photolithography and etch-

ing for patterning, which is typically expensive.4 Low-cost

alternative patterning methods, such as soft lithography, may

be of great benefit to large-scale manufacturing, especially

for roll-to-roll processes.14–16 Microcontact printing (lCP) is

a soft lithography approach where self-assembled mono-

layers (SAMs) are transferred from a patterned stamp onto a

surface, and the SAMs are used as resists to prevent chemi-

cal etching,14 and as initiators or surface energy modulators

to guide material deposition.17 lCP has been shown to be a

convenient, low-cost method to pattern transparent oxide

films, including indium tin oxide (ITO) and indium zinc ox-

ide, with minimum feature sizes �2 lm, which is below the

critical dimensions required for displays.18 Alkane phos-

phonic acid inks can be printed using lCP and have been
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found to chemisorb to metal oxide surfaces forming robust,

dense protective layers that allow wet etching of only the

unprotected regions.19,20 Patterned ITO films are important

for display applications since ITO has a low resistivity and

high transmittance in the visible range,21 and provides good

electrical contact to IGZO.

For organic transistors, lCP has been used to pattern

source and drain electrodes,22,23 gate electrode seed layers,24

ultrathin gate dielectrics,25 and to control the structure and

electronic properties of organic semiconductors.26 Studies

have indicated that lCP can be used to pattern a range of

other semiconductor based materials for transistors, includ-

ing organic–inorganic hybrid materials,17,27 zinc oxide,28

and many others. Recent studies have also shown that lCP

can be used to selectively pattern cobalt source/drain (S/D)

electrodes on IGZO during fabrication of TFTs.29

In this letter, we demonstrate the patterning of ITO source/

drain and IGZO channel materials by lCP. The physical,

chemical, and electrical properties of the thin films and IGZO-

TFTs are investigated. These results indicate that low-cost

manufacturing approaches proven to work in other transparent

oxide materials allow the fabrication of high-performance

TFTs based on the emerging a-IGZO TFT technology. The

proposed methodology herein can be applied to a range of

TFT technologies, and can potentially lead to continuous roll-

to-roll processing of IGZO-TFTs under ambient conditions.

II. EXPERIMENT

A. Materials

Octadecylphosphonic acid (OPDA) was purchased from

specific polymers. Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-tri-

chlorosilane (TFOCS) was purchased from UCT Specialties.

The SU-8 photoresist was acquired from Microchem. IGZO

and ITO targets have been purchased from AJA International

Inc. and Kurt J. Lesker Inc., respectively. Sylgard 184 polydi-

methylsiloxane (PDMS) was obtained from Dow Corning.

Milli-Q water was used in all sample preparation.

B. Fabrication of lCP stamp

An epoxy-based negative photoresist (SU-8) was spin-

coated onto a clean silicon wafer.44 The photomask was

aligned in close contact with the wafer and an ultraviolet

light source (model 100UV30S1, Karlsus, Inc.) with wave-

length �360 nm was used to expose the photoresist.

Developer solution was used to remove unexposed regions

of SU-8 from the substrate. The remaining SU-8 pattern on

the silicon wafer (the master) had a depth of approximately

20 lm as measured by profilometry (KLA-Tencor Alpha-

Step 500). TFOCS was deposited as a monolayer on the mas-

ter through siloxane bonding by placing the master in

TFOCS vapor for 30 min. Liquid prepolymer PDMS with

curing agent (5:1 weight ratio) was cast onto the master fol-

lowed by degassing for 30 min in vacuum. The PDMS was

cured in an oven at 70 �C for 7 h, and then, a fresh PDMS

stamp with features opposite to the master was fabricated by

peeling the PDMS stamp from the master substrate.

C. Device fabrication and electrical measurement

lCP TFT test structures were fabricated as follows. A

heavily p-doped Si substrate was used as the gate with ther-

mally grown SiO2 (100 nm) as the gate dielectric. ITO films

(160 nm thick, measured by ellipsometry) were deposited

using RF magnetron sputter deposition with a 3 in. ITO tar-

get (composition: In2O3:SnO2¼ 90:10 wt. %), 120 W RF

power, �4 mTorr chamber pressure, and 20 sccm flow rate

of Ar. Before patterning by microcontact printing, the ITO

films were cleaned by UV-ozone treatment for 15 min (PSD

standard, Novascan). An ODPA SAM was formed on the

PDMS stamp by immersion in 5 mM ODPA/isopropyl alco-

hol for 5 min. The SAM was transferred from the PDMS

stamp to oxide film after a �60 s contact time. After SAM

transfer the unprotected ITO was etched at a rate of 10 nm/

min in 50 mM aqueous oxalic acid solution, with mild agita-

tion. To remove the ODPA ink, the ITO surface was rinsed

with 2-propanol followed by oxygen plasma cleaning for

5 min at 50 W (PE-100, Plasma Etch, Inc.). The ITO films

were then annealed at 300 �C for 1 h to increase their resist-

ance to the oxalic acid etch, increase their electrical conduc-

tivity, and improve their transparency.

Amorphous IGZO films (�50 nm thick) were deposited

by sputter deposition with a 3 in. IGZO sputter target

(molar composition: In2O3:Ga2O3:ZnO), 100 W RF power,

�4 mTorr chamber pressure, and 20 sccm flow rate with a

1:19 (O2:Ar) ratio. IGZO active layers were patterned subse-

quently by microcontact printing, using the same procedures

as the ITO films with an etch rate of 40 nm/min in 50 mM

aqueous oxalic acid solution. The ODPA ink printed on IGZO

surface was removed by 2-propanol rinsing and oxygen

plasma treatment. The fabricated TFTs were annealed in air

at 300 �C to improve the device performance, and the result-

ing TFTs had a width/length (W/L) ratio of 1000/100 lm.

For comparison, IGZO-TFT test structures were also fab-

ricated by shadow mask patterning.45 We use the same heav-

ily p-doped Si substrates as the gate, and thermally grown

SiO2 (100 nm) as the gate dielectric. Source/drain electrodes

were patterned using a shadow mask during ITO deposition

(�160 nm thick) giving a W/L ratio of 1000/100 lm. IGZO

active layers (�50 nm thick) were patterned using a shadow

mask during deposition, and the films were subsequently

annealed in air to 300 �C.

All IGZO-TFT electric measurements were performed in

the dark at room temperature in air using an Agilent 4155C

precision semiconductor parameter analyzer. Drain current

vs drain voltage (ID-VD) output curves were measured for

several gate voltages (VG¼ 2, 4, 6, 8, and 10 V) and with a

VD sweep step size of 0.2 V. Forward (low voltage to high

voltage) and backward (high voltage to low voltage) sweep

drain-to-source current vs gate voltage (ID-VG) transfer

curves were measured with the drain voltage (VD) set to 1 V

with a VG sweep step size of 0.2 V.

D. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements

were performed with a PHI Quantera Scanning ESCA

052208-2 Du et al.: Amorphous In-Ga-Zn-O thin-film transistors 052208-2

J. Vac. Sci. Technol. B, Vol. 33, No. 5, Sep/Oct 2015

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  128.193.162.224 On: Mon, 19 Oct 2015 18:43:56



system using monochromatized Al Ka radiation (photon

energy of 1486.6 eV) with a 200 lm spot size. The energy

scale of the spectrometer was calibrated to Au 4f7/2 at

84.0 eV and Cu 2p3/2 at 932.7 eV. Charge compensation was

accomplished using a combination of low energy ion and

electron beams coincident on the sample. The data were

quantified using instrument standard relative sensitivity fac-

tors corrected for the transmission function of the analyzer.

The data were acquired with a 45� emission angle and an

electron analyzer pass energy of 69 eV. The XPS data were

fit using CASAXPS, where the most intense peak in the spec-

trum was used to define the core-level full-width-half-maxi-

mum (FWHM) and Gaussian–Lorentzian mixing. A linear

background was used to fit all spectra. The binding energies

were charge corrected to the C 1s aliphatic carbon peak at

284.6 eV.

E. Scanning electron microscopy

Samples were prepared as cross-sections via focused ion-

beam (FIB) using an FEI 3D DualBeam scanning electron

microscope. Approximately 30 nm of amorphous carbon,

10 nm of chromium and 1 lm Pt were thermally evaporated

on the sample to serve as a protective layer stack prior to the

cross section process. Thin film cuts were performed by FIB

using a Ga beam at 30 kV with a 3 nA beam current to form

cross sections, which were then followed with 50 pA beam

current to clean the cross-sections. Images were collected in

a FEI 3D DualBeam at 10.0 kV and a working distance of

9.9 mm.

III. RESULTS AND DISCUSSION

A schematic of the IGZO-TFT structure is shown in

Fig. 1(a), while an optical image of a lCP fabricated

IGZO-TFT is shown in Fig. 1(b). A bottom contact, bottom

gate structure was used due to the relative etch selectivity

in oxalic acid (i.e., much higher etch rate for IGZO com-

pared to ITO). The prepared master (epoxy-based negative

photoresist SU-8 pattern on Si) shown in Figs. S1(A) and

S1(B)30 has well-resolved features that are transferred to

the PDMS stamp pattern shown in Figs. S1(C) and

S1(D).30 Upon close inspection, even the ridges on the

PDMS stamp were replicates of the grooves in the SU-8

master. Phosphonic acid has been used to tune the surface

properties of metal oxide films;18,20,31–33 and for these

studies, we used ODPA ink as the protective layers on top

of the blanket ITO film. We found that the lCP ODPA

transferred ink was continuous and provided excellent etch

resistance to oxalic acid. The patterned ITO is shown in

Fig. 1(b) and did not show any resolution loss or visible

defects. After the removal of ODPA using an O2 plasma,

the sample was annealed at 300 �C for 1 h in air. The

annealing was used to increase the crystallinity of the ITO

films, which significantly reduced the etch rate to less than

1 nm/min. This ensures the ITO pattern will be preserved

during the IGZO etching step. IGZO deposition and lCP

also yielded good quality patterning of the channel mate-

rial, which is essential to uniform device performance of

TFTs.

Scanning electron microscopy (SEM) was used to charac-

terize the step edge profiles of patterned ITO source and

drain as shown in Fig. 2. Figure 2(a) shows the ITO step

edge between ITO source/drain and the SiO2 dielectric layer.

The ITO layer in this region has a smooth, defect free slope

FIG. 1. (Color online) (a) Schematic illustration and (b) optical image of

IGZO TFT structure. The patterned source and drain (S/D) define the width/

length (W/L) ratio of 1000/100 lm.

FIG. 2. SEM cross-section images of the edge (a) between ITO and substrate

and (b) between IGZO/ITO and IGZO.

FIG. 3. O 1s XPS data obtained from blanket ITO films (upper), ITO films

that have printed ODPA ink (middle), and ITO films after O2 plasma clean-

ing (lower).
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with a width <100 nm from the region with no ITO to the

region with 160 nm thick ITO. Figure 2(b) shows the region

transitioning from the IGZO layer to the region that contains

both IGZO and ITO. A similar width (<100 nm) was

observed for the transition from IGZO to the ITO/IGZO

region that has a combined thickness 210 nm.

XPS was used to investigate the adsorption of ODPA

molecules to the metal oxide surfaces. In the upper portion

of Fig. 3 we show O 1s XPS data for a blanket ITO film, the

middle portion shows data from printed ODPA on ITO film,

and the lower portion shows clean ITO film after the oxygen

plasma treatment for ODPA removal. To fit the O 1s core

level spectrum for the ITO film, it is necessary to use three

components, similar to what has been done previously.34–38

The main O(1s) peak at Eb¼ 529.7 eV is associated with lat-

tice oxygen ions. A shoulder which corresponds to a peak

at Eb¼ 531.0 eV is attributed to surface hydroxyl groups.

The high-energy O 1s peak at Eb¼ 532.0 eV is due to other

surface contaminates. After printing ODPA, as shown in

the middle portion of Fig. 3, a new peak at Eb¼ 531.5 eV

appears, and corresponds to P–O–In/P-O-Sn and P¼O

bonds.39 Additionally, a decrease in the peak intensity of the

peaks associated with lattice oxygen ions was observed due

to the attenuation of photoelectrons from the bulk film

through the ODPA layer. After oxygen plasma treatment, as

shown in the lower portion of Fig. 3, the O 1s spectrum

recovers to the original bare ITO surface.

In the upper portion of Fig. 4, we show C 1s spectra for a

blanket ITO film. The C 1s spectra had three fairly well-

separated peaks with the lower energy peak having an energy

of Eb¼ 284.6 eV, which is assigned to aliphatic carbon (C–C

or C–H bonds), and the two higher energy peaks at

Eb¼ 286.1 and 288.7 eV are assigned to C–O and O–C¼O

groups on the surface, respectively.40,41 As shown in the mid-

dle portion of Fig. 4, most of the C 1s intensity from the ITO

sample with ODPA comes from aliphatic carbons in the

ODPA molecules, and a higher energy peak at Eb¼ 285.9 due

to –CH2– bonded to the phosphonic acid group. As shown in

FIG. 4. C 1s XPS data obtained from blanket ITO films (upper), ITO films

that have printed ODPA ink (middle), and ITO films after O2 plasma clean-

ing (lower).

FIG. 5. P 2p XPS data obtained from blanket ITO films (upper), ITO films

that have printed ODPA ink (middle), and ITO films after O2 plasma clean-

ing (lower).

FIG. 6. (Color online) Device performance of IGZO-TFT fabricated by microcontact printing. (a) Output characteristics and (b) transfer characteristics (VD ¼
1 V, W/L ratio of 1000/100 lm).
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the lower portion of Fig. 4, the oxygen plasma treatment is

effective in removal of the carbon associated with the OPDA.

In Fig. 5, the P 2p spectra are shown for the samples

discussed above, where the upper portion is for a blanket

ITO film, the middle portion is the data from printed

ODPA on ITO film, and the lower portion is the clean

ITO film after the oxygen plasma treatment for ODPA

removal. A core-level peak associated to P 2p electrons

is present only for the ODPA-printed samples. The suc-

cessful removal of the ODPA ink was confirmed by re-

moval of the P 2p peaks in the lower portion of Fig. 5.

Similar XPS data were obtained for the IGZO films and

are provided in the supplementary material.30 Peak posi-

tions and area ratios were quantitatively summarized and

are provided in Table SI.30

The electric performance of the fabricated TFT device

has been measured and the drain current (ID)-drain voltage

(VD) characteristics at various gate voltages (VG) are shown

in Fig. 6(a). Typical accumulation mode n-channel transistor

behavior was obtained, where a linear regime (the field-

effect current modulation) and a saturation regime at high

VG were both observed.42 No current crowding was

observed for these devices suggesting good S/D contact to

the IGZO film. A representative transfer characteristic of the

IGZO-TFTs was obtained by sweeping ID vs VG with a con-

stant VD and is shown in Fig. 6(b). In Table I, we provide

the average electron mobility (lavg), turn-on voltage (VON),

drain current on-to-off ratio (ION/IOFF), and hysteresis (dif-

ference in the VG up and down sweeps in the ID-VG data).

IGZO-TFTs fabricated using shadow masks were measured

for comparison. lavg can be obtained from the following

equation:

lavg ¼
GCH

W

L
Cins VG � VONð Þ

;

where GCH and Cins is the channel conductance and the

gate insulator capacitance per unit area, respectively.43

The TFTs did not have significant hysteresis between

the up and down sweeps, suggesting traps have the ability

to stay in equilibrium with the sweep rate of VG¼ 0.2 V/s.

A high ION/IOFF ratio �108 and high lavg> 10 cm2/Vs

were obtained, while the gate leakage currents (IG) were

typically <nA/cm2. IGZO-TFTs patterned using lCP and

shadow mask based methods show very similar perform-

ance, which indicates that lCP patterned materials are

robust for device integration, have good semiconductor/

source and drain interfaces, and have high-quality dielec-

tric/channel interface.

IV. SUMMARY AND CONCLUSIONS

In summary, high-performance IGZO-TFTs were suc-

cessfully fabricated using microcontact printing to pattern

sputter deposited IGZO and ITO layers. ITO S/D and IGZO

channel were patterned without visible defects using a

PDMS stamp to transfer ODPA, followed by oxalic acid

etching. The printed pattern provided good replication of the

PDMS stamp. SEM cross-section and imaging further indi-

cate the presence of well-defined step edges marked by a

smooth and defect-free slope from one layer to another. XPS

indicated complete removal of ODPA ink from the metal ox-

ide surfaces after O2 plasma treatment, and provides clean

interfaces for device integration. The IGZO-TFTs had excel-

lent electrical characteristics, indicating that a convenient

and low-cost route can be used to fabricate high performance

IGZO-TFTs.
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