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We report on the thin film transistors (TFTs) with Gallium Nitride (GaN) channels directly
fabricated on flexible substrates. GaN thin films are grown by hollow cathode plasma assisted
atomic layer deposition (HCPA-ALD) at 200 °C. TFTs exhibit 10° on-to-off current ratios and are
shown to exhibit proper transistor saturation behavior in their output characteristics. Gate bias stress
tests reveal that flexible GaN TFTs have extremely stable electrical characteristics. Overall
fabrication thermal budget is below 200 °C, the lowest reported for the GaN based transistors so far.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971837]

Flexible electronic and optoelectronic devices gained a
wide interest from both academia and industry due to their
wide range of potential applications in areas including health
monitoring, wearable electronics, and flexible displays.l’2 In
conventional thin film electronics applications, amorphous
Silicon (a-Si) is the most commonly utilized active material
mainly because of the inexpensive manufacturing methods of
the devices employing this material.> However, the process-
ing of the a-Si based electronics includes high temperature
deposition/annealing steps, thereby hampering the possible
use of the bendable substrates in this area. Therefore, there is
a strong motivation in developing alternative materials which
are suitable for low temperature, low cost flexible applications
employing devices with high performance. In the pursuit of
finding the most appropriate material for flexible electronics,
several groups obtained promising results with organic semi-
conductors as the channel materials of the thin film transistors
(TFTs).* However, the long term reliability of the organic
semiconductors is still under question, and this prevents them
from being commercially used as the active layer material, for
instance, for display applications. Alternatively, inorganic
materials, mainly ZnO thin films and their alloyed com-
pounds, have been widely studied and employed as the chan-
nel materials of the flexible TFTs.® Although the reported
devices have a high performance, their stability without an
encapsulation layer is still an unsolved issue.’” To address this
issue, alternative materials should be studied as the active
layers of the TFTs on flexible substrates.

GaN is a widely used semiconductor, finding its com-
mercial applications in several areas including, high power
electlronics,8 optoelectronics,9 and microwave electronics.'®
Although having excellent electrical and optical properties,
the use of this material is limited to conventional rigid sub-
strates, mainly due to the high deposition temperature of the
GaN epi-layers.'" In order to introduce this material into
the low temperature applications, several methods including
sputtering,'® pulsed laser deposition,”® and atomic layer
deposition (ALD)'*'> are employed. Among the applied
methods, atomic layer deposition offered the most promising
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results with the demonstration of the TFTs with GaN chan-
nels fabricated with a thermal budget lower than 250 °C, the
lowest processing temperature level for the nitride based
electronic devices.'® Up to now, the nitride based electronic
and optoelectronic devices have been realized on flexible
substrates only via the transferring method, which carries the
potential risk of decreasing the yield of the devices, which
therefore prevents the commercialization of the proposed
devices.'”"'®

Here we report bottom gated TFTs with GaN channel
layers directly grown on flexible polyethylene naphthalate
(PEN) substrates. The overall thermal budget of the device
processing steps is below 200 °C, which breaks the previous
self-record of lowest thermal budget GaN TFT. Devices are
also fabricated on rigid substrates and their electrical proper-
ties are studied in detail.

Device fabrication steps of the TFTs on flexible sub-
strate are summarized in Fig. 1(a) and a photograph of the
flexible substrate having a series of GaN TFTs is shown in
Fig. 1(b). Fabrication of the bottom gate TFT on rigid sub-
strate starts with the RCA cleaning of the highly doped (1-5
mQ-cm) p-type Si wafer. E-beam evaporation of a 200-nm-
thick SiO, is performed at room temperature. The SiO, film
is patterned to define the active device areas. An HF-last
clean is immediately followed by the growth of 77-nm-thick
Al,O5 and 11-nm-thick GaN subsequently deposited at a sin-
gle ALD process in a modified Fiji F200-LL ALD Reactor
(Ultratech/Cambridge NanoTech Inc.), where the process
temperature is kept at 200 °C, and Triethylygallium (TEG) is
used as the Ga precursor as suggested in Ref. 15. Active
device areas are isolated by BCls-based dry etching of the
GaN layer.'” Source and drain contacts are formed by
e-beam evaporation of the metal stack consisting of Ti/Au
(30/150nm) as employed in Ref. 20. In order to keep the
thermal budget of the device fabrication as low as possible,
no annealing is applied after the contact metallization step.
Flexible TFT fabrication starts with the solvent based clean-
ing of the PEN substrates. 100 nm thick Al thin film is depos-
ited via thermal evaporation at room temperature, and this
layer serves as the gate of the TFTs. In order to achieve the
isolation between the gate and the source drain contacts,

Published by AIP Publishing.
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FIG. 1. (a) Schematic illustration of the device fabrication steps on flexible
substrate, and (b) the photograph of the flexible substrate with a series of
bottom gated TFTs with GaN channels flexed in author’s hand.

200 nm SiO, thin films are deposited with e-beam evaporation
and patterned via lift-off technique. Afterwards, the same fab-
rication steps are applied with the TFTs on rigid substrates
completing the production of the GaN TFTs on flexible
substrates. Fabricated TFTs have W/L =1 with L =250 um.
Electrical measurements of the devices are performed using
Keithley 4200 semiconductor parameter analyzer.

Fig. 2 shows the transfer and output characteristics of
the TFTs fabricated on rigid Silicon substrates. Devices are
shown to exhibit a clear saturation in their output characteris-
tics, thereby demonstrating classical n-channel field effect
transistor behavior. Several devices located at different
places of the substrate are electrically characterized and
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on-to-off current ratios of the devices are obtained as 2 x 10°.
The threshold voltage of the device is extracted from the
transfer characteristics (using /Ips), and it is found to be
0.25 V. Effective charge carrier mobility of the device is cal-
culated in the linear region (Vgs=10V and Vpg=1V) by
using equation given in (1) where the relative permittivity of
the dielectric layer is obtained from a previous study”' and
the mobility is found to be 0.005 cm?/V-sec. This low mobil-
ity can be related to the nanocrystalline and defective nature
of the ALD based GaN thin films as reported in Ref. 15
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Fig. 3 shows the transfer and output characteristics of the
TFTs fabricated on flexible PEN substrates. Similar to the
devices on rigid substrates, flexible TFTs also follow the clas-
sical n- channel field effect transistor behavior. On-to-off
ratios of the devices are obtained as 7 x 10°. The threshold
voltage of the device is extracted from the transfer character-
istics (using v/Tps), and it is found to be 2.5 V. The difference
in the threshold voltage can be attributed to the higher oxygen
concentration in the as-deposited GaN thin films on flexible
substrates (10% Oxygen) compared to rigid substrates
(2%—3% Oxygen), which is confirmed with the X-ray photo-
spectroscopy measurements (not shown here). Despite the
same growth conditions, the reason for higher Oxygen content
in GaN films grown on flexible substrates needs a careful con-
sideration of in-situ diffusion and thin film stress effects; how-
ever, such an analysis is beyond the scope of the current
study. High oxygen concentration means higher Ga,O3 con-
tent in the grown GaN thin film; therefore the devices on the
flexible substrate demonstrate a higher threshold voltage and
lower on-to-off current ratio. Effective mobility of the device
is calculated in the linear region (Vgs=8V, Vps=1V).
Calculated mobility is 0.0012 cm?/V-s.

In order to realize TFTs in flexible electronics, one
important step is to ensure the stable operation of the devices
under bias stress. To check the stability of our devices built
on flexible substrates, a gate bias stress of 10V is applied
while drain and source contacts are grounded. Bias duration
is changed between 100s and 1000s. This voltage stress
induces an electric field of 1.3 MV/cm through the gate
oxide. Fig. 4 shows the threshold voltage shift of the virgin
devices after the bias stress is applied. The threshold voltage
shift is an indicator of the charge trap states at the insulator
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semiconductor interface and possibly those within the Al,O5
dielectric layer. Threshold voltage shifts to higher values with
longer applied positive gate bias stress. This is mainly caused
by the increased number of trapped electrons which screen
the applied gate electric field resulting in an increased thresh-
old voltage. However, the increase in the threshold voltage
after 1000 s of bias stress is 0.14 V (~5%) shift, whereas in a
high performance ZnO based TFT, the threshold voltage shift
under the same stress conditions is observed to be as high as
11 V,7 which shows that the TFTs of the current work have
extremely stable electrical characteristics. This result is signif-
icantly important in the sense that no encapsulation or anneal-
ing, which are commonly applied methods to electrically
stabilize the TFTs with semiconducting metal oxide chan-
nels,?? are needed to stabilize the devices.

In summary, we demonstrated the fabrication of a
Gallium Nitride based TFT on flexible PEN substrate.
Devices on both rigid and flexible substrates are shown to
exhibit a clear saturation in their output characteristics. On-
to-off ratios as high as 7 x 10% are acquired from the charac-
terized flexible devices. TFTs on flexible substrates are
shown to have extremely stable characteristics, having
threshold voltage shifts less than 0.15V after the gate bias
stress of 1.3 MV/cm is applied for 1000 s. Demonstrating the
operation of the GaN TFTs after direct production on flexible
substrates, this study is believed to pave the way for the
nitride based flexible electronics upon further materials and
process optimization.
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FIG. 4. Threshold voltage shift vs. positive gate bias stress of the flexible
TFTs.
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