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Thin-film transistors (TFTs) based on amorphous In-Ga—-Zn-0 (a-IGZO) channels present high mobility,
large-area uniformity, mechanical flexibility and photosensitivity, and thus have extensive applicability in
photodetectors, wearable devices, etc. However, pure a-IGZO based photosensors only exhibit a UV
light response with limited sensitivity performance. By utilizing in situ interfacial hydrogen doping, it is
demonstrated that the a-IGZO TFTs with the Al,Os dielectric deposited by plasma-enhanced atomic
layer deposition at room temperature (RT) have excellent photosensing performance, such as
a photoresponsivity of over 6 x 10° A W™t and a light to dark current ratio up to 107. This is attributed to
spontaneous interfacial hydrogen doping into the a-IGZO channel during sputtering deposition of a-
IGZO on hydrogen-rich Al,Os films, thus generating subgap states in the band gap of IGZO. Further,

color pattern imaging was achieved by employing an array of the color distinguishable devices, and
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Accepted 12th January 2020 flexibility was demonstrated by fabricating the TFTs onto polymer substrates. Moreover, it is also found

that both the RT and 150 °C Al,Os a-IGZO TFTs exhibit typical light-stimulated synaptic behaviors,

DOI: 10.1039/c9ra09646a including excitatory post-synaptic current and pair-pules facilitation, etc., and the memory time of the
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Introduction

Amorphous In-Ga-Zn-O (a-IGZO) thin film transistors (TFTs)
have attracted significant attention since they were first re-
ported in 2004,' due to their high mobility, large-area unifor-
mity, low processing temperature and mechanical flexibility.>
Incidentally, a-IGZO is also a photosensitive semiconductor
which can generate photoexcitons when illuminated by ultra-
violet (UV) light with wavelengths shorter than 400 nm (~3 eV).
This makes the device structure of TFT capable of operating as
a signal transducer and signal amplifier.® Thus, the a-IGZO
TFTs also possess great potential in photosensor applications.
However, photosensors with pure a-IGZO channels only exhibit
a UV light response with limited sensitivity. Several efforts have
been directed to overcome this challenge by blending a host of
complementary materials. For example, Yang et al. reported
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synaptic devices can be easily modulated by the degree of the interfacial hydrogen doping.

ultrahigh and broadband photodetectors based on a-IGZO TFTs
by blending the channel with organic semiconductors.”
Quantum dots, heterojunctions and elemental impurities have
also been introduced into the a-IGZO TFTs to extend their
photosensing performance to visible light.*** Nevertheless,
such methods impose processing complexity or high thermal
budget. Second, there are trade-offs between flexibility, elec-
trical properties and photosensing performance for a-IGZO
TFTs. High temperature processes such as annealing and
impurity doping can improve the electrical and photosensing
performance, but are not compatible with flexible polymer
substrates.'” Blending other materials with the a-IGZO channel
can significantly improve the visible light-detecting perfor-
mance of the flexible devices, but it has adverse effects on the
electron mobility or switching characteristics of the TFTs.*
The effect of hydrogen impurity on the performance of the a-
IGZO TFTs was studied by Kim et al.** It was found that
hydrogen doping could passivate the oxygen vacancy defects in
the channel, and increase the electron mobility. Another
approach proposed by Kang et al. involved an a-IGZO TFT based
phototransistor with a hydrogen-rich a-IGZO : H layer in the
channel.™ The a-IGZO : H layer could lower the band gap by
inducing subgap states in the a-IGZO channel, and thus leading
to visible light sensitivity of the device. These reports estab-
lished the potential of hydrogen doping to overcome the
aforementioned trade-offs for the a-IGZO devices. However, the

This journal is © The Royal Society of Chemistry 2020
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reported hydrogen doping methods also requires high
temperature processes.'* Moreover, hydrogen doping can
significantly increase the off current of the a-IGZO TFTs,
resulting in a much reduced on/off current ratio.”” It is well
known that the transport of electrons in the TFTs is concen-
trated near the semiconductor-dielectric interface.'®* Hence,
spontaneous hydrogen doping within a limited domain near
the interface could be ideal for synchronously achieving flexible
and high-performance a-IGZO based TFT and photosensor
especially at low temperatures.

Additionally, aluminum oxide (Al,O3) is a high-k material
which has been extensively used as a dielectric layer in the oxide
semiconductor TFTs. Fabrication methods of the Al,O; dielec-
tric include atomic layer deposition (ALD),"” physical vapor
deposition (PVD)" and solution processes.' Generally, a high
substrate temperature above 150 °C is required for the ALD to
achieve high-quality Al,O; films. Kessels et al.*® reported an
oxygen plasma enhanced ALD (PEALD) technology which can
deposit Al,O; films at low temperatures, with the resultant films
containing impurities including hydrogen. Among the afore-
mentioned methods, the PEALD technology shows some
advantages including high film quality, precise thickness
control, good uniformity over a large area, and low process
temperature, making it highly desirable for the fabrication of
high-performance flexible devices.

In this work, photosensing characteristics of a-IGZO TFTs
with Al,O; gate dielectrics deposited by PEALD at different
temperatures were investigated. The room temperature (RT)
fabricated a-IGZO TFTs exhibit high photodetection perfor-
mance thanks to the effect of in situ interfacial hydrogen
doping. Color pattern imaging was achieved by employing an
array of the RT a-IGZO TFT-based color distinguishable photo-
sensors, and flexibility was demonstrated by fabricating the
TFTs onto polymer substrates. Light-stimulated synaptic
behaviors of high temperature fabricated a-IGZO TFTs were also
demonstrated.

Experimental

An inverted staggered structure was used to fabricate a-IGZO
phototransistors. A highly doped p-type silicon wafer (<0.0015
Q cm) was cleaned by standard RCA processes and served as
gate electrode. A 40 nm Al,O; dielectric layer was deposited in
a commercial ALD system (Picsun Ltd) using trimethylalumi-
num (TMA) and O, plasma as precursor and reactant, respec-
tively. A growth cycle of Al,O; film was consist of 0.1 s TMA
pulse, 10 s N, purge, 8 s O, plasma pulse and 10 s N, purge,
successively. While the TMA was maintained at 18 °C for
a stable pressure and dose, and the O, gas flow rate was fixed at
150 scem with a plasma generator power of 2500 W. A 40 nm
IGZO thin films were deposited by RF sputtering using an IGZO
ceramic target with an atomic ratio of In:Ga:Zn:0 =
1:1:1:4. During sputtering, process pressure and Ar/O, gas
flow rate were fixed at 0.88 Pa and 48/2 sccm. Then the active
region was defined by a combination of photolithography and
wet etching processes. Source/drain electrodes of 30 nm Ti and
70 nm Au bilayers were formed by electron beam evaporation
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and a lift-off method. The channel length (L) and width (W) was
10 and 40 pm, respectively. All the films were deposited at room
temperature and no further annealing processes were applied
on these devices. For comparison, phototransistors with 150 °C
ALD Al,O; were also fabricated. The flexible phototransistors
were fabricated onto PET substrates. First, indium tin oxide
(ITO) membrane was deposited as the gate electrode by sput-
tering. Then, the Al,O; dielectric, the a-IGZO channel, Au/Ti
drain and source electrodes were fabricated in sequence using
the aforementioned methods at RT.

The thicknesses of Al,O; films were measured by spectro-
scopic ellipsometry (SE). The depth profiles of chemical
elements were measured by secondary ion mass spectrometry
(SIMS), and also by X-ray photoelectron spectroscopy (XPS). The
photosensing performance of the phototransistors under
different light wavelengths were measured by using a xenon
lamp light source with a double grating monochromator
(Ommo330150, Beijing NBeT) and a semiconductor device
analyzer (Agilent Tech B1500A) at room temperature.

Results and discussion

A schematic of the phototransistor with a p’-Si substrate as the
gate electrode, Al,O; dielectric, a-IGZO channel and source/
drain electrodes of Ti/Au bilayers is shown in Fig. 1a. The
AL O; films were prepared using PEALD at RT and 150 °C,
respectively. The O 1s XPS spectra of Al,O; films on bare Si
substrate fabricated at RT and 150 °C were analyzed, as shown
in Fig. 1b. The fitted peaks located at 531.1 + 0.05 eV (O1) and
532.17 £ 0.05 eV (02) correspond to O*>~ ions bonded with Al
and -OH, respectively.”* More amount of -OH (O2) are observed
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Fig. 1 (a) The constructure and photoelectric behavior schematic of
the a-1GZO TFT with hydrogen rich Al,O3 dielectric and (b) O 1s XPS
spectra of the AlLOz deposited at RT and 150 °C.
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in the RT Al,O; film (38.6%), as compared to the 150 °C case
(18.3%). This illustrate that the high deposition temperature
could reduce the density of -OH on substrate surface. Our
previous studies indicate that the H in Al,0; will be released
into IGZO during sputtering, causing hydrogen doping in the
film, thus the RT Al,O; can provide more hydrogen doping into
the a-IGZO layer deposited on it.** This would lead to hydrogen
passivation of more oxygen vacancies (Vo) in the a-IGZO
channel by forming stable states in which H atoms are trap-
ped at Vo (VoH), and the resulting VoH is a shallow-level
donor.?” In addition, a higher amount of ~-OH groups also can
be formed in the a-IGZO channel by means of the reaction, 0>~
+H — OH™ + e, during deposition of the IGZO films.**

Fig. 2a and b show the transfer characteristics of the both
phototransistors at a fixed light intensity of 50 pW em™> with
different wavelengths ranging from 300 to 700 nm. With the
light wavelength decreasing, the drain currents of both devices
gradually increase, while the RT phototransistor shows stronger
photoresponse. The reason is that the hydrogen impurities
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Fig. 2 Comparison of the photosensing performance for the a-IGZO
TFTs with different temperature dielectrics: transfer curves (V4s =5 V)
in dark and under light with different wavelengths of (a) RT and (b)
150 °C Al,O3; photoresponsivity versus gate voltage curves under light
with different wavelengths of (c) RT and (d) 150 °C Al,Os; comparison
of (€) lignt/laarc @and (f) photoresponsivity versus wavelength for the RT
and 150 °C AOs.
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could induce subgap states in the band gap of a-IGZO. There-
fore, when the devices are exposed to the light, the photo-
generated electrons could be excited from the valence band to
the subgap states, then to the conduction band of a-IGZO. This
can resultin an increase in the photoresponse wavelength of the
device with more hydrogen doping. This accords with Kang's
report that hydrogen doping could reduce the band gap of the a-
IGZO and significantly improve the visible light responsivity of
a-IGZO phototransistors."* To quantitatively evaluate the pho-
toresponse of the devices, photoresponsivity (R) and light to
dark current ratio (ligh¢/lqark) are introduced, where R is calcu-
lated using eqn (1):*

_ ‘Ilighl - Idark’

R
Piighy x A

(1)
where Pyign, is the light intensity and A is the effective illumi-
nation area, which is 40 x 10 um in this case. Fig. 2c and d show
the variations of R under different illumination wavelengths as
a function of V; for both devices. The RT Al,0; phototransistor
exhibits high values of R over 6 x 10> AW~ ' under 300 nm UV
light. On the contrast, the 150 °C Al,O; phototransistor shows R
values 100 times lower than the RT Al,O; phototransistor, as
shown in Fig. 2d. Similarly, the RT Al,O; phototransistor also
shows a high Liigh¢/Idark up to 10” under 300 nm UV light, which
is also 100 times higher than that of 150 °C Al,0; photo-
transistor (Fig. S11). It is notable that with the gate voltage
increasing, the value of R increases. The reasons may be as
follows. When the device is illuminated by light, the electron-
hole pairs would be generated in IGZO. As the gate voltage
increases, the photo-generated electrons in IGZO will gradually
be accumulated into the channel under electric field. Thus, the
channel current will be increased absolutely. From Fig. 2e and f,
it is evident that the RT Al,O; phototransistor possesses a much
higher photosensing performance than the 150 °C Al,O; pho-
totransistor, exhibiting a ligh¢/Iqarc of 10" and R of 6 x 10° A
W', which is among the highest photosensitivities reported for
a-IGZO phototransistors, as shown in Table 1. The RT Al,0;
phototransistor also shows response to light with wavelength
up to 500 nm (2.48 eV), which is lower than the band gap of a-
IGZO (3.45 eV). This was verified by UV-visible absorbance curve
of RT Al,03/a-IGZO stack films on a quartz glass, as shown in
Fig. S2.7

Table 1 Comparisons of photoresponse characteristics between RT
AlLOgz transistor in this article and other works

Photosensitive materials Tight/Idark RAW™ Ref.
IGZO/SnO, 3.5 x 107 984 6
IGZO/CdSe — 1.35 x 10* 8
1GZO/CdSe 4 x 10° 1.49 x 10* 9
IGZO/MoS, 10° 1.7 10
IGZO/CH;NH,Pbl, 3.48 x 10° 61 13

IGZO : H 3.85 x 10° 1932.6 11

1GZO 10 to 10° 10°* 24

IGZO : H 10’ 6 x 10° This work

This journal is © The Royal Society of Chemistry 2020
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Fig. 3a and b exhibit the output curves of the RT Al,O;
phototransistor in dark and under 450 nm light with intensity
of 120 uW ¢cm 2, both plots show typical linear and saturation
regimes. The output currents of the RT Al,O; device under
illumination are obviously larger than those in dark, in contrast
to the 150 °C Al,O; phototransistor which show similar output
currents under different light intensity (Fig. S3t), indicating
a better photoresponse of the RT Al,O; phototransistor than the
150 °C one. Such comparison is further demonstrated in Fig. 3c
and d. The former presents a typical phototransistor behavior,
in which a larger output current is obtained under more
intensive light, while the latter output currents are all similar
under different light intensities. These results suggest that the
hydrogen doping can improve the photosensing performance of
the device without any degradation in the on/off current ratio.

Inspired by the consistently decreasing photoresponsivity
along with the increasing light wavelength (Fig. 2f), color
distinguishable photodetection was performed using an array
of RT Al,O; phototransistors. As shown in Fig. 4a, a 7 x 7 array
of the RT Al,O; phototransistors was illuminated by a circular
patterned multicolored light with a fixed intensity of 50 pw
cm 2. The wavelengths of the lights illuminated on the 2nd to
the 6th columns are 300, 350, 400, 450 and 500 nm. The pho-
totransistors located in the other positions of the array
remained in dark. Then, the array can yield output signals by
comparing the currents of each phototransistor before and
during the illumination. We define the photo current Iy, as
eqn (2):*

Iphoto = Lijlumination — Jdark (2)

where, the Iijjumination 1S the current of the phototransistor
during the illumination, and I4,. is the current before the
illumination. Fig. 4b shows the I, distribution of the array
which are plotted as a 2-dimensional color pattern, while Fig. 4c
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Fig. 3 Output curves of the RT ALO3 TFT (a) in dark and (b) under light
with wavelength of 450 nm, phototransistor performance of the a-
IGZO TFT with (c) RT AlbOz and (d) 150 °C Al,Ogz dielectric films under
450 nm light (Vg = 2 V).
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Fig. 4 Demonstration of the color distinguishable photodetection by
employing an array of the RT Al,Os TFTs: (a) a schematic represen-
tation of a 7 x 7 array of the RT TFTs to detect a multicolor circular
pattern of light at a fixed intensity of 50 pW cm™2 with 5 different
wavelengths of 300, 350, 400, 450 and 500 nm; (b) a 2-dimensional
colorful pattern and (c) 3-dimensional column diagram plotted by the
lonoto (Vgs = 3V, Vg = 3 V) of the TFTs array.

shows a 3-dimensional column diagram of the I, from the
phototransistor array. In the both output diagrams, photo-
transistors in dark show negligible current change, whereas the
ones under illumination exhibit large I,no. Notably, shorter
wavelengths provide the phototransistors with higher Ipnoco-
Sufficient information of the illuminating light can be obtained
from the output diagrams, and thus color distinguishable
photodetection is achieved. Such promising photosensing
behavior makes these devices useful in extensive applications
including health monitoring in biomedical applications and
artificial visual systems.

In order to demonstrate the flexibility of the devices, a-IGZO
phototransistors with RT Al,O; dielectric films were fabricated
onto polyethylene terephthalate (PET) substrates, as shown in
Fig. 5a. Fig. 5b shows an image of the device, which exhibits
mechanical flexibility as it can be readily and reversibly bent.
The flexibility of the phototransistors was further demonstrated
by measuring their electrical properties during flat and bent
configurations over several bending cycles. Fig. 5c shows the
transfer curves of the devices in dark and under light conditions
in the flat and bent configurations. The flexible devices show
excellent electrical properties, including a high mobility of 14.1

em” V' 57!, a small subthreshold swing of 0.44 V dec !,

RSC Adv, 2020, 10, 3572-3578 | 3575
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Fig. 5 (a) A schematic representation and (b) an image of the RT
fabricated flexible a-1GZO TFTs; (c) transfer curves of the flexible TFTs
in dark and under light (the wavelength is 400 nm and the intensity is
50 pW cm™2) measured during flat and bent configurations; (d) vari-
ations of the mobility, subthreshold swing and light to dark current
ratio (Vg = 0 V) as a function of the bending cycles.

a threshold voltage of 0.9 V and a high on/off current ratio of 3.3
x 10°. These properties are among the highest values for flex-
ible phototransistors as compared with previous reports.*®?*->”
Under the same light illumination, the phototransistors exhibit
almost the same transfer curves in both flat and bent configu-
rations. Fig. 5d shows steady variations of the mobility, SS and
Bigne/Iqark Of the phototransistors as a function of the bending
cycles, which are extracted from the corresponding transfer
curves after several bending cycles, as shown in Fig. S4.7 The
bent configuration and cycling showed negligible effect on the
phototransistor characteristics and photosensing performance
of the devices, indicating excellent mechanical flexibility. It
should be noted that PET was used in this work as a proof of
concept and the entire RT processes can be fabricated onto
many other polymer substrates or biomaterials.

Recently, the IGZO TFTs were also investigated as synaptic
devices for the application of neuromorphic electronic system
which is expected to process information in a more efficient way
than the conventional von Neumann computing system.?®?
Light-stimulated synaptic devices, which directly transduce
pulse light signals to excitatory post-synaptic currents (EPSCs),
further possess advantages including high bandwidth, ultrafast
signal transmission, and robustness than those operated with
electrical stimulus, and have attracted much research attention
recently.*** It is thus also of great interest to study the light-
stimulated synaptic performance of the devices. Generally, the
light pulses and channel current of the light-stimulated
synaptic transistors are regarded as presynapse and post-
synapse, respectively. In this work, the width of light pulses is
fixed as 100 ms, the interval of light pulses is changed from 50
ms to 50 s to study the pair-pules facilitation (PPF) of the both
devices. UV light with wavelength of 300 nm was applied to
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study the light-stimulated synaptic plasticity of the RT Al,O3
and 150 °C Al,0O; devices and the visible light with wavelengths
of 405 nm and 490 nm were applied to study the relationship
between synaptic weight and light wavelength, since the 150 °C
Al,O; device exhibit limited response to visible light. Fig. 6a
shows post-synaptic currents (source-drain currents) of these
two devices in response to UV pulse train (intensity 20 pW cm ™2,
width 100 ms, and interval 30 s). Similar to previous reports,**
the 150 °C Al,O; device present a continuous increase in the
post-synaptic current with number of the UV light pulses. Such
behavior is able to mimic typical long-term plasticity of bio-
synapse, in which the change of synaptic weight is accumu-
lated with continuous pre-synaptic input. On the other hand,
the currents of RT Al,O; device response to the same UV pulse
train cannot be accumulated. The post synaptic currents
response to 405 nm and 490 nm light pulses train show the
same tendency, as shown in Fig. S5a.f This illustrates that the
RT Al,O; device could exhibit short-term synaptic plasticity.
Fig. S5bt shows the AEPSC (synaptic weight) of RT Al,O; device
under different light wavelengths. It is obtained that the
synaptic weight decreases with increasing of light wavelength.
The reasons are as follows. Light with larger wavelength has
lower energy, thus the electrons generated by visible light can
only be excited to conduction band through the subgap states
rather than transfer from valence band to conduction band
directly. Hence, the concentration of photo-generated carriers
in IGZO channel is greatly reduced with the light wavelength
increasing, leading to the decrease of synaptic weight. To
further investigate the different response of the two devices to
UV pulse, the stretched exponential function (SEF) is
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Fig. 6 (a) The postsynaptic current of the RT and 150 °C Al,Oz TFTs
recorded at V4s = 0.1V, Vg = 0 Vin response to the 300 nm UV pulse
train. The intensity, width, and interval of the UV pulse train are 20 pW
cm™2, 100 ms, and 30 s, respectively; (b) light-stimulated EPSC decay
and fitted curves of the RT and 150 °C ALOz TFTs; (c) EPSCs generated
by two successive presynaptic light spikes (300 nm, 20 pW cm™2, 100
ms) with interval time of 2 s, and (d) PPF index plotted as a function of
inter-spike interval of the two devices. Error bars represent standard
errors from five measurements.
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introduced to fit the light-stimulated EPSC curves, which can be
expressed as eqn (3):*’

t—1\#
I:(IO—Iw)exp{—< - )}Jrlm 3)
where I, and I.. are the initial and final postsynaptic current,
respectively, 7 is the retention time, ¢, is the time of pulse
finished, and @ is a stretch index between 0 and 1. As shown in
Fig. 6b, the EPSC curves of both devices are well fitted, and the
retention times of the RT Al,O; and 150 °C Al,O; device are 66
and 809 ms, respectively. Pair-pules facilitation (PPF), as typical
synaptic behavior, was also emulated with the two devices. The
EPSCs were evoked by two sequential pre-synaptic UV pulse with
an interval time (At), as shown in Fig. 6¢c. The PPF index can be
expressed with eqn (4):*

Ay — A
PPF = % x 100% (4)

1
where A; and A, are the current values of the first and second
EPSC peaks. Fig. 6d exhibits the variation of the PPF index as
a function of A¢, indicating successful emulations of the bio-
synaptic PPF behavior. Meanwhile, the 150 °C Al,O; device
exhibit a larger PPF index as compared with the RT Al,O; one,
which is consistent with the more obvious post-synaptic current
accumulation of the 150 °C Al,O; TFT.

The difference of light-stimulated EPSC behavior between
the a-IGZO TFTs with RT and 150 °C Al,O; could be attributed to
the generation and recombination processes of electron-hole
pairs in the channel. In our cases, the 150 °C Al,O; device
possesses a low concentration of H impurities and high oxygen
vacancy defect density.*® Under the UV illumination, the light-
generated electrons and holes in the a-IGZO channel would
flow under the source-drain electric field, leading to an imme-
diate increase of post-synaptic current. At the end of the UV
pulse, the photo-generated electron-hole pairs recombine
rapidly, resulting in a remarkable decrease of the post-synaptic
current immediately after the UV irradiation. At the same time,
some of the photo-generated electrons also could be trapped by
the oxygen vacancies in the a-IGZO channel, hence reducing
direct recombination probability between the photo-generated
holes and electrons. Within a limited duration, the residual
free holes still contribute to the EPSC by moving towards the
source terminal under an external electric field (i.e., V > 0 V),
and the electrons captured by the oxygen vacancies as well
because of shallow donors. Compared with the RT Al,O; device,
more oxygen vacancies exist in the a-IGZO channel of the 150 °C
Al,O; device, which leads to a lower electron-hole recombina-
tion efficiency, and thus longer retention time. Typical synaptic
behaviors are then able to be emulated based on the mecha-
nism.*® On the other hand, the RT Al,O; device has relatively
high concentration of H impurities and low oxygen vacancy
defect density. Under illumination, the photogenerated elec-
trons would lead to an immediate current increase for the TFT,
however, few electrons would be trapped. The current would
decrease quickly after the illumination ended, indicating
a short-term synaptic plasticity for the device. Therefore, the
correlativity between the light-stimulated synaptic plasticity and
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photosensing performance is also revealed based on a-IGZO
TFTs with hydrogen concentration and oxygen vacancy density.

Conclusions

By utilizing the effect of in situ interfacial hydrogen doping, the
a-IGZO TFT with RT AlL,O; dielectric film contains high
concentration of H impurities and low oxygen vacancy defect
density, and exhibits a high photoresponsivity over 6 x 10°> A
W' and a large light to dark current ratio up to 107, which are
among the highest photosensitivities reported for a-IGZO TFTs.
Color pattern imaging was achieved by employing an array of
the RT-fabricated color distinguishable photosensors, and
flexibility was demonstrated by fabricating TFTs onto polymer
substrates. Moreover, the a-IGZO TFT with 150 °C Al,O4
dielectric possesses low H concentration and high oxygen
vacancy defect density, and demonstrates typical light-
stimulated synaptic behaviors, including EPSC and PPF.
Therefore, this work provides a strategy of in situ interfacial
hydrogen doping for improving various properties of the a-IGZO
TFTs, and also demonstrates a high-performance flexible
photosensor.
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