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ABSTRACT: Amorphous indium gallium zinc oxide (a-IGZO) is a
transparent semiconductor which has demonstrated excellent electrical
performance as thin-film transistors (TFTs). However, a high-temper-
ature activation process is generally required which is incompatible for
next-generation flexible electronic applications. In this work, He+

irradiation is demonstrated as an athermal activation process for a-
IGZO TFTs. Controlling the He+ dose enables the tuning of charge
density, and a dose of 1 × 1014 He+/cm2 induces a change in charge
density of 2.3 × 1012 cm−2. Time-dependent transport measurements and
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) indicate that
the He+-induced trapped charge is introduced because of preferential
oxygen-vacancy generation. Scanning microwave impedance microscopy
confirms that He+ irradiation improves the conductivity of the a-IGZO. For realization of a permanent activation, IGZO was
exposed with a He+ dose of 5 × 1014 He+/cm2 and then aged 24 h to allow decay of the trapped oxide charge originating for
electron−hole pair generation. The resultant shift in the charge density is primarily attributed to oxygen vacancies generated by
He+ sputtering in the near-surface region.
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■ INTRODUCTION

Amorphous metal oxide semiconductors (AMOSs), for
instance, amorphous indium gallium zinc oxide (a-IGZO),
have been intensively researched in the past decade because of
their excellent electrical performance as thin-film transistors
(TFTs) in addition to their low process temperature and
superior uniformity over large areas.1 These merits make
AMOS a promising candidate to replace amorphous silicon (a-
Si) TFTs for a number of next-generation electronic
applications such as transparent flexible displays, electronic
skins, or wearable electronics.2−10 The key requirement for the
next-generation flexible electronic applications is the direct
fabrication of electronic devices, especially TFTs, on flexible
substrates.3,7 Thus, lowering the processing temperature for
compatibility with cheap and flexible polymer substrate
materials is essential for the future of AMOS TFTs. To this
end, many efforts have been focused on the development of
lowering the process temperature in solution-processed AMOS
materials primarily for low-cost and large-area electronics.
These include ultraviolet photochemical activation of sol−gel
precursors,11,12 combustion chemistry of various precur-
sors,12,13 sol−gel on chip,14 and spray pyrolysis,15,16 to name
a few. However, solution-processed AMOS-based TFTs, in
general, have relatively low carrier mobility and require
relatively high postprocessing temperatures (typically ≥300

°C) to facilitate metal−oxygen network formation, densifica-
tion, and impurity removal.17−19

On the other hand, vacuum-deposited AMOS TFTs exhibit
relatively high device performance with significantly higher
carrier mobility [up to 30 cm2/(V s)]. The electrical properties
are strongly dependent on oxygen vacancies in the AMOS
channel layer. Therefore, to achieve good device performance,
physical vapor-deposited AMOS TFTs typically require
postdeposition thermal annealing to remove20,21 or to oxidize
the AMOS channel layer;10 however, the requisite temperature
is too high for many polymer substrates. While precise oxygen
partial pressure control during AMOS deposition can make
high-quality AMOS TFTs as-deposited, the process window is
narrow and the electrical properties can be easily affected by
other postprocessing steps, especially the device passivation
process. In general, the process of high oxygen partial pressure
during AMOS deposition and removal of excess oxygen by
postthermal annealing is typically done. Recently, it has been
demonstrated that the room-temperature field-induced activa-
tion via ionic liquid biasing of sputter-deposited a-IGZO
channel layers achieved good TFT performance; excess oxygen
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was removed by the high electric field generated by the ionic
liquid electrical double layer.22 Various ion beams have also
demonstrated potential for room-temperature processing and
doping of semiconductors.23−32 In this work, we demonstrate
an athermal activation process of a-IGZO TFTs using He
implantation which is compatible with next-generation flexible
electronic applications. A schematic of the He+ irradiation
process is shown in Figure 1a. A helium-ion microscope was

used to irradiate the channel layer, with convenient control of
the beam energy, dose, and selected area patterning. While
silicon substrates are used to characterize the effects of He+

implantation parameters on the a-IGZO transport properties,
the athermal IGZO activation should be compatible with low-
temperature polymer substrates, and large-area ion beam
processing.33,34

■ EXPERIMENTAL SECTION
a-IGZO TFT Fabrication. An inverted staggered structure was

used to fabricate a-IGZO TFTs. A heavily doped p-type Si was used
for the common gate electrode (0.1−0.0 Ω cm). A 100 nm thick SiO2
gate dielectric layer was deposited by plasma-enhanced chemical vapor
deposition (PECVD), and subsequently an a-IGZO channel area was
photolithographically patterned. A 50 nm thick a-IGZO layer was
deposited by RF magnetron sputtering at room temperature. The rf
power was 80 W, and the sputtering pressure was 5 mTorr with a 10%
mixing ratio of argon and oxygen, respectively, at a fixed total flow rate

of 25 sccm. The a-IGZO active area was formed by a lift-off process.
The Ti/Au/Ti (10/80/10 nm) source and drain (S/D) electrodes
were deposited by e-beam evaporation and also patterned by a lift-off
method. The TFT semiconductor channel width (W) and length (L)
were 10 and 5 μm, respectively. For comparison, one TFT array was
annealed at 250 °C in air ambient for 1 h.

Helium-Ion Implantation. Scanning helium-ion implantation and
patterning were conducted in a Zeiss ORION NanoFab helium-ion
microscope which can vary the beam energy, beam current, dwell time,
and pixel pitch, and is programmed to selectively pattern regions of
interest. The IGZO was exposed to doses ranging from 1 × 1012 to 1 ×
1015 cm−2, in order to elucidate the dose effect on electrical transport
properties. Dose was controlled by varying the number of patterning
loops and current. The acceleration voltage was varied from 10 to 30
keV in order to study the effects of ion energy. Beam current for all
reported exposures was 0.5 pA. For standard exposures, a constant He+

pixel spacing of 8 nm was used with a controlled beam defocus (50
μm) in order to ensure uniform ion exposure in the IGZO film. Dwell
time of 1 μs per pixel was used for all exposures. A schematic diagram
of the device cross section and top view for He+ implantation are
shown in Figure 1. The He+-implanted area covers the entire IGZO
channel area and extends ∼1 μm over in all directions, as shown in
Figure 1.

Device Measurement. a-IGZO TFT electrical characteristics were
measured using a semiconductor device analyzer (Agilent Tech B1500
A) in dark ambient. All initial measurements were performed within 2
h after He+ irradiation.

Microwave Characterization. To directly detect the position of
the conducting regions that are created by the He+ exposures, we
employed a near-field scanning microwave impedance microscope
(sMIM) operating at a frequency f ≈ 3 GHz. Microwave microscopy
has previously been shown to be capable of detecting and
characterizing conducting entities, such as ferroelectric domain
walls,35 2D semiconductors,36 and buried sheets of graphene.37

Microwave imaging and measurements were performed in ambient
with a ScanWave (Prime Nano, Inc.) sMIM add-on unit installed on
an Asylum Research MFP-3D atomic force microscope. Fully shielded
sMIM cantilever probes (Prime Nano, Inc.; see also ref 35) had spring
constants in a range 7−8 N/m. Using built-electronics and calibration
protocols, the detected microwave signal was deconvolved into two
orthogonal signals, roughly proportional to the capacitance (sMIM-C)
and conductance (sMIM-G) of the studied object (or imaginary and
real parts of admittance, correspondingly). To correctly define the
sMIM-C and sMIM-G channels, the ScanWave’s detector phase was
adjusted while imaging a set of 1 μm diameter capacitors of an SMM
calibration kit from MC2 Technologies. The phase was adjusted so
that the variation ΔsMIM-G of the reflectometer sMIM-G signal from
the capacitors was minimized; i.e., the contrast due to capacitors
(assumed to be insulating) is partitioned almost entirely into the
capacitive ΔsMIM-C channel. The microwave measurement probes
deep into the subsurface volume of the material; therefore surface
sensitivity, including surface roughness, is not a source of severe
artifacts.

■ RESULTS AND DISCUSSIONS

Figure 1b shows the typical transfer curves of the He+-
implanted a-IGZO TFTs as a function of He+ dose at a beam
energy of 25 keV. For comparison, the transfer curve of an a-
IGZO TFT annealed in air for 1 h at 250 °C is also included in
Figure 1b. In all transfer curves, a small hysteresis (<0.6 V at 1
nA) was observed. It is clearly shown that higher dose makes a-
IGZO more conductive and shifts the threshold voltage (Vth) to
lower voltage. The He-implanted a-IGZO TFT with the dose of
1 × 1014 cm−2 is comparable to the thermally annealed TFT at
250 °C, and therefore shows promise for low-temperature
activation. The TFT parameters as a function of He+ dose are
summarized in Table 1. The saturation field effect mobility, μFE,

Figure 1. (a) Schematic of the a-IGZO TFT structure. A focused He+

beam was used to irradiate the IGZO channel. (b) Transfer curves of
a-IGZO TFTs as a function of the He+ dose. A TFT which was
activated by a postsynthesis anneal (see the Experimental Section) is
shown for comparison. (c) Effects of He+ beam energy on the transfer
curves for devices were exposed with a dose of 1 × 1014 He+/cm2. (d)
Threshold voltage (Vth) of the TFTs reported in part c.
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and Vth are calculated from a linear fitting of the forward sweep
of IDS

1/2 versus VGS using the saturation current equation:

μ= −⎜ ⎟
⎛
⎝

⎞
⎠I C

W
L

V V
1
2

( )DS FE i GS th
2

Here, the terms are as follows: μFE is the saturation field effect
mobility, W and L are the channel width and channel length,
respectively, and Ci is the capacitance of the gate insulator (100
nm SiO2).
The mobility was increased from 6.4 (unannealed TFT) to

∼8 cm2/(V s) for all doses, and the subthreshold swing (SS)
was <0.18 V/decade, which was comparable to that of the as-
deposited TFT (0.15 V/decade). Table 2 reports the charge
density that was introduced by He+ irradiation at the studied
doses in comparison to a thermally annealed device. As
mentioned, a dose of 1 × 1014 He+/cm2 induces a similar
charge density to a thermally annealed device.
Figure 1c shows the effect that He+ energy has on the

activation of IGZO TFTs, where all devices were exposed to a
dose of 1 × 1014 He+/cm2. Changing the beam energy affects
ion−solid interactions of the He+ with the IGZO. The studied
beam energies all succeeded in shifting the Vth of the TFTs,
however the extent varies with beam energy. Figure 1d plots
ΔVth as a function of beam energy. A He+ beam energy of 20
keV causes the largest shift in Vth which is optimal for IGZO
activation.
For an understanding of the charge-density effect that He+

irradiation of varying energy has on IGZO, Stopping and Range
of Ions in Matter (SRIM) Monte Carlo simulations were
conducted. The Monte Carlo method has been well-
documented38 and can be used to estimate the range of the
energetic ions in the IGZO, the sputter yield, and the energy
loss of the ion, among other properties. In general, when
energetic He+ is used to irradiate a material, the He+ interacts
with the material via electronic and nuclear collisions. If a
nuclear collision transfers a sufficient amount of energy from
the ion to the target atom, the target atom can become
displaced (recoil atom), creating a vacancy and interstitial. The
ions and recoil atoms will generate cascading collisions in the

material, until the energy of the cascading atoms and ion is no
longer sufficient to displace atomic species. Electronic energy
loss during the cascading collision results in the formation of
secondary electrons and electron−hole pairs. Figure 2a reports
the total energy loss (electronic and nuclear) as a function of
depth into the device/substrate. For all studied beam energies,
the He+ ions penetrate through the IGZO, and energy loss
occurs in the underlying SiO2 and Si as well. As expected, ions
with greater energy experience a higher amount of energy loss
at all depths in the device. Energy loss in the IGZO and SiO2
results in the formation of radiation-induced trapped charge
(TC) which arises from ion implantation, generated electron−
hole pairs, and structural defects in the material.39 Mechanis-
tically, the high energy He+ and recoil atoms generate
secondary electrons via electronic energy loss during the
cascading events. The ions, recoil atoms, and secondary
electrons can ionize atoms within the material thus generating
electron−hole (e−h) pairs. Figures S3 and S4 in the Supporting
Information report Monte Carlo simulations of the deposited
energy and the concentration of secondary electrons (SEs),
respectively, which are generated within the IGZO and
underlying SiO2 during He+ exposure. Most of the deposited
energy from the cascading events is in the form of electronic
energy loss, and the SEs are generated with concentrations as
high as 3.0 e−/nm3 (for an exposure dose of 1 × 1015 He+/
cm2). This significantly contributes to the generation of e−h
pairs within the IGZO and SiO2. As the e−h pairs are
generated, some will recombine. However, the free electrons
can rapidly drift to ground during the He+ exposure because of
their relatively large mean free path (ground is the gate
electrode for our experimental setup during irradiation). The
holes, which have a much smaller mean free path, will hop
through localized states in the oxide, and some will become
trapped and form a positive oxide-trap charge. Additionally,
some interface-trap charges can occur.
Trapped charge in the IGZO and underlying SiO2 can

account for a shift in Vth. Compositional change in the IGZO
stoichiometry can also result in alteration of the electronic
behavior. During the thermal anneal process, which is typically
used to shift Vth of the TFTs and hence activate the device,
oxygen content is reduced where oxygen vacancies behave as n-
type dopants in IGZO. Figure 2b reports the preferential
sputter yield of O (γO) as a function of He

+ dose, defined as [γO
− (γIn + γGa + γZn)]. The relatively low O mass and surface
binding energy is favorable for a higher sputter yield in
comparison to all cation species. Preferential γO sputter yield
decreases with increasing He+ energy. N-type dopants induced
from preferential O sputtering can be estimated by the
following equation:

γ γ γ γΔ = − + + ×Q D[ ( )]O In Ga Zn (1)

Table 1. TFT Electrical Parameters of the a-IGZO TFTs
with He Implantation

device

beam current
(pA)

He dose
(cm−2) Vth (V) μFE [cm

2/(V s)]
SS

(V/decade)

0.5 1 × 1013 12.6 8.0 0.16
5 × 1013 9.0 8.0 0.15
1 × 1014 5.6 7.9 0.18

device Vth (V) μFE [cm
2/(V s)] SS (V/decade)

250 °C annealed device 5.9 7.6 0.19
unannealed device 16.3 6.4 0.15

Table 2. Carrier Number Change According to the He+ Implantation

device

beam current (pA) He dose (cm−2) ΔVth (V) (Vth,unannealed − Vth) ΔQ = CiΔVth (C/cm
2) Δcharge density (cm−2) Δcharge density in 50 nm IGZO (cm−3)

1 × 1013 3.7 1.28 × 10−7 7.97 × 1011 1.59 × 1017

0.5 5 × 1013 7.3 2.52 × 10−7 1.57 × 1012 3.14 × 1017

1 × 1014 10.7 3.69 × 10−7 2.30 × 1012 4.61 × 1017

device ΔVth (V) (Vth,unannealed − Vth) ΔQ = CiΔVth (C/cm
2) Δcharge density (cm−2) Δcharge density in 50 nm IGZO (cm−3)

250 °C annealed device 10.4 3.59 × 10−7 2.24 × 1012 4.49 × 1017

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b10449
ACS Appl. Mater. Interfaces 2017, 9, 35125−35132

35127

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10449/suppl_file/am7b10449_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b10449


Here, the terms are as follows: ΔQ is the charge density
(cm−2), γ is the sputter yields, and D is the He+ irradiation
dose. From this equation, ΔQ induced by a 1 × 1014 He+/cm2

exposure at 25 keV is approximately 1.6 × 1012 cm−2. This
theoretical value for change in charge density induced by O
vacancies is in good agreement with the experimental value of
2.3 × 1012 cm−2 which was calculated from the transfer curves
and reported in Table 2.
Total energy loss (including electronic and nuclear

components) of the ions in the IGZO layer is also overlaid
in Figure 2b (blue). Interestingly, a simultaneous moderate γO
and total energy loss occurs at an energy range approximately
18−22 keV, which resulted in the largest shift in Vth (Figure
1d). This suggests that trapped charge from both electron−hole
generation and preferential O sputtering contributes toward the
shift in Vth, and likely accounts for the discrepancy in ΔQ
calculated by eq 1.
Trapped charge induced by electron−hole (e−h) generation

is susceptible to time decay as well as bias decay.39,40 For
verification of the contribution of e−h generation, time-
dependent transfer curve measurements were conducted.
Figure 2c shows the temporal evolution of the transfer curve
after 25 keV He+ irradiation at a dose of 1 × 1014 cm−2. For
clarity, only forward sweeps are plotted. As shown in Figure 2d,
the threshold voltage shifts positively with elapsed time where

the initial shift is fast and eventually saturates at a value still
shifted relative to the as-deposited device. The likely
explanation for the temporal Vth shift is positive trapped charge
due to holes trapped in the oxides and secondary electron
emission (positive charging).39 As the trapped holes and
charging decay over time, Vth shifts back to more positive
values, but still maintains a permanent shift in Vth relative to a
pristine device. The extent of trapped charge and atomic mixing
from cascading collisions at the semiconductor/insulator
interface is unclear. Monte Carlo simulations (reported in the
Supporting Information, Figure S1) indicate some atomic
mixing of the semiconductor and insulator. However, we expect
that the effects of atomic mixing on the electronic transport are
relatively small in amorphous IGZO relative to those in
crystalline semiconductors. The light mass of the He+ generates
smaller concentrations of displaced atoms compared to more
massive ions because the electronic stopping power is greater
than the nuclear stopping power over most of the energy range
until ∼1 keV. This will minimize atomic mixing at the interface
relative to other heavier ion-target systems.
For investigation of the compositional change of the a-IGZO

after He+ irradiation, time-of-flight secondary ion mass
spectrometry (ToF-SIMS) was performed. For direct compar-
ison, 4 different doses of He+ were irradiated on the same a-
IGZO channel layer. Figure 3a shows ToF-SIMS scanned

Figure 2. (a) Simulated energy loss of 10−30 keV He+ in the IGZO and underlying substrate calculated from Monte Carlo simulations. (b) Plot of
the integrated total energy loss in the IGZO as a function of beam energy (blue, left axis). Plot of the preferential sputter yield of oxygen in
comparison to those of the other metal atoms (black, right axis). Preferential sputter yield is defined by the sputter yield of oxygen minus the sputter
yield of all metal atoms. (c) Time-dependent transfer curves of a device exposed with 25 keV He+ at a dose of 1 × 1014 He+/cm2. (d) Threshold
voltages of the TFTs in part c.
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images for the In, Ga, and O species (Zn could not be
measured because of low ionization efficiency). Before
measurement, the sample was sputtered by Cs ions at 1 keV
to remove surface contamination. At the He+-irradiated areas,
oxygen content was decreased, which suggests oxygen
sputtering, resulting in charge-carrier generation. For the dose
of 5 × 1013 and 1 × 1014 cm−2, oxygen content change is clearly
distinguished, but In and Ga content changes are not clearly
distinguished. At higher doses (≥5.0 × 1014 He+/cm2), all
species inexplicably appear depleted. This phenomenon is likely
a charging artifact resulting from the original He+ irradiation;
therefore relative shifts in the ToF-SIMS counts should be used
to estimate postirradiation stoichiometry. Figure 3b shows the
O, In, and Ga content profiles along the channel length
direction. It is clearly shown that low mass O was preferentially
sputtered with the He+ in comparison to In, Ga, and
presumably Zn (which is predicted to have a comparable
sputter yield according to Monte Carlo simulations). For
investigation of the thickness of the He+ sputtering effect, ToF-
SIMS depth profiles were measured. Figure 3c shows ToF-
SIMS scanned images for the In, Ga, and O species after 1 min
sputtering. The estimated etched IGZO thickness is ∼40 nm.
On the IGZO channel layer, the metal and oxygen
concentration gradients could not be observed, which suggests
that the compositional changes upon He implantation are
localized in a thin top layer (estimated around 5−15 nm). The
near-surface compositional change occurs because the energetic
He+ sputters the atomic species. Although energy loss and
cascading collisions continue to occur much deeper (≥40 nm)
in the IGZO layer as well as the underlying substrate, few
cations or anions are sputtered from this deep because of the
short target atom/ion mean free path. Therefore, the
composition changes are exhibited in the near-surface region.
From the SIMS analysis, we concluded that the permanent Vth

shift at high He+ dose is due to the oxygen-vacancy formation
in the near-surface a-IGZO region.
For a complement to the SIMS data, scanning microwave

impedance microscopy (sMIM) measurements were taken on a
single channel in operando that was exposed to He+ doses
ranging from 5 × 1013 to 1 × 1015 He+/cm2. Figure 4 shows the
results of SMIM imaging of the device structure, with various
degrees of He-ion exposure between electrodes. Three results
are immediately clear: (1) There is a strong microwave

Figure 3. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) map of IGZO device showing (a) O, In, and Ga species in the near-surface
region after being exposed by varying He+ doses (inset). Areas exposed with the He+ dose are labeled from 1 to 4, which corresponds to doses 5 ×
1013, 1 × 1014, 5 × 1014, and 1 × 1015 He+/cm2, respectively. (b) Line scan of the counts of O, In, and Ga species from top to bottom across the
IGZO. (c) ToF-SIMS maps of the IGZO device at a depth of approximately 40 nm into the material.

Figure 4. Microwave characterization of IGZO transistors after He
irradiation. (a) Large-scale images of topography (left) and microwave
response (right) of the channel region. The irradiated lines clearly
show up. (b) Zoom-in onto the irradiated regions, showing both
SMIM-G and SMIM-C signals in the windows of decreasing the He
dose from 1 to 4, which corresponds to doses 5 × 1013, 1 × 1014, 5 ×
1014, and 1 × 1015 He+/cm2, respectively.
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signature of the He irradiation, including the contrast due to
distinct localized lines for a fixed He dose (Figure 4b, M1). (2)
Microwave contrast notably fades with decreasing exposure
dose (Figure 4b). (3) The contrast is predominantly in the
SMIM-G channel, indicating local changes in conductivity,
which is consistent with the macroscopic measurements. The
SMIM-C signal shows little contrast (Figure 4b), except for the
largest He+ dose. Although crosstalk due to incomplete
separation of the imaginary and real parts of the microwave
response cannot be ruled out, we suggest that capacitive
properties signal chemical changes in the IGZO indicative of
preferential O sputtering, which appear or become detectable at
higher dose.
To realize a permanent shift in Vth for the IGZO devices,

oxygen vacancies in the IGZO must be generated since the Vth
shift generated by e−h generation decays over time. Figure 5

shows a transfer curve of an IGZO TFT which was irradiated
with a dose of 5 × 1014 He+/cm2. Immediately after exposure,
large shifts in Vth resulted in metallic behavior over the VGS
range studied. The device was then allowed to age for 58 h to
allow the e−h generated trapped charge to decay. After aging
for >24 h, the device demonstrated more ideal characteristics of
an “activated” device. A dose of 5 × 1014 He+/cm2 resulted in a
Vth of ∼−1 V. From ΔVth, it is estimated that the charge
density, presumably introduced by O-vacancy creation, is 3.1 ×
1012 cm−2. Therefore, the exposure and aging strategy can be
used to induce a permanent shift in Vth and provide a method
for low-temperature activation. In addition, positive bias,
negative bias, and light-illuminated negative bias stress tests
were performed on He+-activated samples (see the Supporting
Information, Figures S5 and S6 for details).

■ CONCLUSIONS
In conclusion, athermal a-IGZO TFT activation is demon-
strated using He+ irradiation. The mechanism of the He+-
irradiation effects on the a-IGZO TFT parameters is modeled
as radiation-induced trapped charge due to e−h generation and
oxygen-vacancy formation. The larger Vth shift with the higher
dose is demonstrated, and partial Vth recovery with the elapse of
time after He+ implantation is observed, which is attributed to

the dissipation of the trapped charge in the gate insulator.
Although the TFTs with low dose (<1 × 1013 cm−2) are
recovered to the original state, the TFTs with high dose
showed permanent negative Vth shift which is attributed to the
oxygen-vacancy formation in the near-surface region of the a-
IGZO layer.
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