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a-TeO, Oxide as Transparent p-Type Semiconductor for Low
Temperature Processed Thin Film Transistor Devices

Nehru Devabharathi, Sandeep Yadav, Vanessa Trouillet, and Jorg J. Schneider*

transparent/flexible electronic devices
in a wide range of application areas
including wearable/implantable, health-
care, high end displays and smart
textiles.'"®)  Notably, their remark-
able electronic properties, superior
thermal/environmental stability, high
transparency, and low processing cost
have enabled them to realize in potential
commercialization of high speed/high-
definition displays and energy efficient
transparent electronic devices. As an
outcome of these efforts oxygen deficient

In comparison to reports on n-type semiconducting oxides, p-type oxide
semiconducting materials are still rare. Scarcely reported p-type oxide
transistors demonstrated unsatisfactory environmental stability which still
hinders their implementation for all oxide transistors and circuit applications.
In this study, for the first time on a-TeO, as an active channel material with
p-type characteristics accessible by direct evaporation technique. Notably, the
fabricated 5 nm a-TeO, thin film in connection with an equally thin
passivation layer exhibits a remarkable low processing temperature of 50 °C
generating a hole mobility of 3.8 cm? V=' s~1, an on-state current of 966 pA,
and an on/off ratio of 3.8 x 10°. Additionally, the reproducibility of these
devices confirmed a narrow variation in the TFT metrics, yielding an average

hole mobility, on-current, and on/off ratio of 3.59 cm? V=' s~1, 914 pA, and
3.3 X 103, respectively. Furthermore, the devices are subjected to extensive
stability testing under ambient atmospheric conditions that exhibits a
marginal mobility reduction while maintaining a stable on/off ratio over
125-day period, highlighting their robust environmental stability. Notably, the
low processing temperatures with both exceptional transistor performance
and environmental endurance makes them suitable for the integration onto
flexible substrates, particularly bendable/stretchable displays.

1. Introduction

Decades of research work have been devoted in oxide semi-
conducting materials for the realization of next-generation
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n-type oxide semiconductors have shown
nearly equivalent transistor perfor-
mance with polycrystalline silicon.>7~]
However, on the downside, the p-type
oxide semiconductors still demonstrate
inferior/poor transistor performance
compared to their n-type oxides owing to
their highly localized oxygen 2p orbitals
in the valence band maxima (VBM)
resulting in high hole effective mass. As
a result, they demonstrate unsatisfactory
carrier transport properties. In fact, the
available p-type oxide semiconducting
materials itself are still scarce. Moreover, they require stringent
environmental and fabrication conditions. Such drawbacks in ob-
taining a good performing high mobility p-type metal oxide semi-
conducting (PMOS) field effect transistors have limited many
crucial applications such as all oxide complementary metal ox-
ide semiconductor (CMOS) logic circuits, bipolar transistors, p-n
junction devices and solar cells.[111]

Thus, until now, oxide semiconductors with p-type character-
istics are limited to Cu, O, NiO, SnO and delafossite-type CuMO,
where M = Al, Cr, In etc.,1>1®] Among these, Cu, O and delafos-
site materials display a very low device mobility of <1 cm? V=! ¢!
with the lowest reported processing temperature of 250 °C.[1718]
Especially delafossite p-type materials require much higher tem-
perature to deliver a meaningful electronic performance. In con-
trast, SnO and NiO semiconductors demonstrate comparatively
better mobility values;1*2!] However, they lack environmental
stability issues as well as sufficient transparency in the visible,
which altogether is a major drawback in applications. In this
regard, recently tellurium oxide (TeO,) has been identified as a
promising and emerging p-type semiconducting material. TeO,
is an interesting wide bandgap (3.5 eV) p-type oxide semiconduct-
ing materiall??] present both in crystalline and amorphous form
with excellent functional properties that makes it suitable for
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technological applications including modulator,[?*! deflectors, 24l
optical storage materials,|?] phototransistors,!?°! laser devices,”]
and gas sensors.[??) It exists in three polymorphs a, f and y;
wherein -TeO, is a 2D layered material which has recently
demonstrated a very high room temperature average hole mobil-
ity of 146 cm? V! s71. However, it is currently only accessible by
a surface oxidation route using molten metallic tellurium.% In
addition, the process needs the handling of selenium alongside
a molten liquid printing method. Altogether this is not an ideal
situation for an incorporation into fabrication processes of elec-
tronic devices. Nevertheless, TeO, has three known polymorphs,
tetragonal a-TeO, (P4,2,2), orthorhombic f TeO, (Pcba) and y
TeO, (P2,2,2,) possessing different arrangements of corner shar-
ing TeO, as basic structural units.[?#3°22] Among these three
polymorphs, a-TeO, has been previously investigated primarily
for their optoelectronic properties. To the best of our knowledge
there have been no reports demonstrating its p-type hole mobil-
ity characteristics. Furthermore, attractive low temperature fabri-
cation procedures of oxide-based p-type TFTs using p-type oxide
semiconductors are rare and therefore, the present study mainly
aims to show a better p-type TFT device characteristics when
compared to the scarcely existing unsatisfactorily performing p-
type oxide semiconductors with minimal fabrication steps. In ad-
dition, we introduce an emerging a-TeO, material for the first
time to exploit its p-type device characteristics majorly by con-
centrating to lower the oxide TFT processing temperature close
to the room temperature.

Herein, we report on a gas phase approach to exploit the elec-
tronic properties of a-TeO, oxide as a p-type semiconducting ma-
terial for TFT fabrication. The p-type a-TeO, is deposited as active
thin film alongside with a passivation layer achieving a hole mo-
bility value of 3.8 cm? V=! 7!, an on-state current and on/off ratio
0f 966 pA and 3.8 X 10° respectively, at a remarkable low process-
ing temperature of only 50 °C. The fabricated devices have shown
an excellent reproducibility with the average hole mobility, on-
current and on/off of 3.59 cm? V-1 71, 914 A and 3.3 X 10° con-
sidering two different batches of eight devices each. Importantly,
the devices have been passivated with a thin layer of AL,O, (5 nm)
and tested for their stability while storing at ambient atmospheric
conditions over a period of >4 months. The stored devices have
exhibited only a slight decrease in the mobility value from 3.8 to
2.5 cm? V71 571, and almost a stable on/off ratio from 3.3 x 10°
to 3.8 x 10,> demonstrating that the devices show a good envi-
ronmental stability. The passivation of ultrathin Al O, layer on
active semiconducting film of a-TeO, showed a significant effect
on improving the mobility, reducing the off state current and a
substantial improvement on the device stability. The unique low
temperature processing of these devices allows a fabrication on
any kind of flexible substrate and thus opens the door for appli-
cation, e.g., in bendable/stretchable displays.

2. Results and Discussion

2.1. Characterization of the p-Type Semiconductor Thin Film

a-TeO, thin film samples have been prepared on a 1 X 1 cm?
SiO, substrate from a-TeO, powder by thermal evaporation (see
Figures S1 and S2, Supporting Information). Prior to deposition
of a 5 or 10 nm a-TeO, films, the substrates have been washed
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with acetone and isopropanol followed by subsequent treatment
with UV light (254 nm). Morphological analysis of the 5 nm a-
TeO, deposited thin film reveals a homogeneous, smooth and
featureless characteristics of the film (Figure 1a).3>33] Raman
peaks of the 5 nm TeO, film observed at 230 and 647 cm™" cor-
responds to the B; (5) and A, (4) vibrational modes which are
characteristic for a-TeO,; Notably, the two peaks at 647 cm™!, and
230 cm™! are mainly attributed to the symmetry and asymmetric
stretching modes (Figure 1b). Figure 2a presents surface topog-
raphy as determined by AFM of the as deposited 5 nm a-TeO,
thin film (rms 0.14 nm). The additionally deposited 5 nm pas-
sivation layer (Figure 2b) shows an ultra-smooth surface (rms
0.11 nm). The remarkable smoothness of the AL O, passivation
layer is highly beneficial in forming a conformal interface with-
out pinholes and voids in the active semiconducting surface layer
of a-TeO,. A topography for 10 nm and 30 nm deposited a-
TeO, films demonstrates a comparable smooth surface (Figure
S3a,b, Supporting Information) with respect to an increase in
film thickness. Interestingly, the cross-section AFM micrographs
(Figure 2c,d) of the as deposited a-TeO, film reveals an even lower
height profile of 3.8 nm contrasting with a slightly larger profile
height of 5 nm obtained by quartz crystal microbalance determi-
nation during evaporation (+0.37 A).

The cross-sectional HRTEM analysis (Figure S4a,b, Support-
ing Information) of the deposited Al O, -TeO, bi-layer film com-
posite consisting of individual 5 nm -TeO, and 5 nm ALO,
reveals a crystalline a-TeO, film with an interlayer distance of
0.326 nm which is in sound agreement to 0.340 nm reported for
the [110] reflection of bulk a-TeO, (JCPDS 42-1365). In compari-
son and in contrast, the [102] reflection for g-TeO, is at a distance
of 0.41 nm.[*”l The deposited amorphous Al O, film is of compa-
rable thickness compared to the a-TeO, which can be clearly seen
in Figure S4b (Supporting Information). A chemical surface anal-
ysis of the deposited TeO, thin films, with and without AL O, pas-
sivation layer by X-ray photoelectron spectroscopy (XPS, for sur-
vey spectra see Figure S5a—c, Supporting Information) reveals the
Te 3ds,, and O 1s core levels of the deposited a-TeO, thin films (5
and 10 nm) together with a a-TeO, powder sample for compari-
son, respectively (Figure 3a,b). The main peak at a binding energy
0f 576.6 eV for Te 3ds,, can be assigned to a-TeO, paratellurite for
both film and powder materials. (Figure 3a). The corresponding
O 1s peak is found at a binding energy of 530.9 eVP*!! with a ratio
oxygen to tellurium of nearly 2:1 which attests the presence of
stoichiometric TeO,. Apart from this major peak, a species with
minor intensity is observed at a binding energy of 573.4 eV, re-
flecting the presence of elemental tellurium in the film.

The tellurium contribution increases with the thickness of the
film and the time of deposition, however, is very minor for the
5 nm TeO, /AL O, composite film. It can be explained by a reduc-
tion process occurring during the TeO, deposition or by decom-
position of TeO, under the chosen experimental conditions. In-
deed, TeO, at temperatures above 550 °C decomposes into TeO
which is unstable against Te(0) and O,.3*-34 Nevertheless, the
presence of such trace amounts of elemental Te® might have an
impact on improving the transistor characteristics as it is one of
the well-known p-type semiconducting material reported recently
demonstrating good device characteristics.[**! Similarly, the final
device architecture consisting of a bi-layer of @-TeO, and alumina
passivation layer processed at 50 °C has also been studied with
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Figure 1. a) Scanning electron microscopy of the evaporated 5 nm a-TeO, film demonstrating deposition of a dense, homogeneous and void free thin
film. b) Raman spectroscopy of the deposited 5 nm a-TeO, film on a SiO, substrate.

XPS (Figure 3c—e). Not unexpected, the deposited metallic alu-
minium layer in the bi-layer film has been oxidized into amor-
phous Al O, to which the Al 2p;, binding energy at 74.8 eV cor-
responds well. In that regard it is interesting to note that in the
bi-layer film, the Te 3ds, signal for Te(0) is slightly increasing
compared to the bare TeO, 5 nm film. This is probably due to the
reaction of the deposited Al metal film on top of the TeO, layer
creating the Al,O, passivation layer and elemental Te(0) even un-
der slightly elevated temperature. Finally, the O 1s peak is decon-
voluted into two peaks which can be assigned to the different ox-

0.14 nm

ide contributions of a-TeO, and AL, O, (531.5 eV). The O 1s peak
at 532.6 eV is assignable to Al(OH), and SiO,.3¢]

2.2. Electrical Characterization of p-Type Channel Behaviour
of a-TeO, Thin Film

Our reported direct gas phase deposition of a-TeO, thin film

allows for a wafer scalable route for the fabrication of a high
mobility p-type semiconductors.!?38] Therefore we assessed the

0.111 nm

N w »

Height (nm)

10 15 20
Lateral distance (um)

Figure 2. Atomic force micrographs of the deposited 5 nm a-TeO, film a,b) amorphous Al O, thin film (5 nm) exhibiting excellent surface smoothness
with very low roughness values. ¢,d) Cross-section atomic force micrograph showing the thickness profile of the deposited 5 nm a-TeO, thin film.
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Figure 3. a,b) X-ray photoelectron spectra comparison of deposited (5 nm and 10 nm) a-TeO, thin film on a SiO, substrate with respect to the standard
powder sample. Te 3d5/, and O Ts photoelectron lines correspond mainly to Te (IV) and O? binding energies in TeO, tellurium oxide accompanied by
a sub-stoichiometric oxide and a metal peak for the 10 nm thick film. c,d) XPS core level spectra of bi-layer final TFTs showing (c) Te 3ds, (d) Al 2p (e)

O 1s spectra.

thin film device characteristics of the as deposited and passivated
films. To start with, a 5 nm a-TeO, film is thermally evaporated
on an interdigitated TFT substrate as shown in the schematic
in Figure 4a. Therein the electrodes are made up of gold con-
tacts and a 230 nm SiO, as dielectric layer is employed. The
top and cross-sectional view of the device structure is shown in
Figure 4a,b. The device deposited with an active layer of 5 nm
(without passivation) has been characterized at first under am-
bient conditions (Figure S6a,b, Supporting Information) demon-
strating transfer and output characteristics at room temperature.
The device exhibits a decent p-type characteristics at room tem-
perature demonstrating a nominal hysteresis, a hole mobility of
0.92 cm? V-1 s71 and a low on/off ratio of 1.8 x 10.? Typically, the
p-type conductivity in a-TeO, originates from tellurium vacancies
which forms an acceptor level above the valence band depending
on the film thickness, it varies from 1.29 to 0.69 eV as described
elsewhere.[*0]

To improve the fabricated TFTs device performance and their
environmental stability, a thin passivation layer of 5 nm Al metal
has been deposited on top of the semiconductor film at RT, fol-
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lowed by a single heating step of 50 °C for ~30 min giving rise
to the formation of ALO, (Figure 3). Thus, a bi-layer consisting
of active 5 nm a-TeO, thin film and a passivation layer (5 nm)
of Al O, has been formed (Figure 4a,b). The latter is crucial in
modifying the charge carrier movementin the FET device. The so
formed bi-layer devices demonstrate a significant improvement
in the device characteristics by exhibiting a good hole mobility
value of 3.8 cm? V! s71, excellent p-type on-state current value
near to ~1 mA with a threshold voltage of 1 V and a good on/off
ratio of 3.38 x 10° at a source-drain voltage of 30 V. The field-effect
mobility was estimated using the following equation 1:

_dl, L 1
%= dVe W VpsCox )
where, g, is the transconductance (g, = 22), Vs is the drain

m 4y,
voltage, W is the channel width (2000 pm), L is the channel
length (80 um) and C,y represents the gate-oxide capacitance
(142 x 10® F cm™?) used in this study. The observed key
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Figure 4. a,b) Schematic (top and cross-sectional view) showing the active semiconducting layer with the additional passivation layer on top. c) Transfer
characteristics of the devices composed of 5 nm a-TeO, active layer with the additional Al,O, passivation layer fabricated at 50 °C. d) The corresponding
output characteristics of the same device showing proper linear and saturation regime where the drain voltage has been varied from -40 to 40 V with a

step of 5V Vs.

parameters of the fabricated bi-layer devices have been compared
with the existing reports on the p-type oxide semiconductors
and summarized in Table S1 (Supporting Information). The pre-
sented table clearly shows that the existing reports on p-type oxide
semiconductors demonstrating poor device performance with ex-
ceptionally few studies reporting fair mobility values. However,
almost all these reported oxides are formed at a high processing
temperature. In this regard, the mobility value achieved in the
present work at such a low processing temperature (50 °C) has
not been reported earlier to the best of our knowledge. Addition-
ally, these devices found to have a very low and negligible hystere-
sis in both the transfer and output characteristics, respectively
(Figure 4c,d), denoting a reduced trap state situation at the inter-
face of the fabricated devices. This may be attributed to the fact
that the deposited thin passivation layer forms a low defect den-
sity interface with the a-TeO, films. The corresponding output
characteristics (Figure 4d) shows current linearity at low source-
drain voltages, indicating Ohmic contact between the a-TeO, and
the Au electrodes. Overall, the important metrics of a-TeO,-based
transistors, such as on/off ratio, mobility and on-state current
level, are superior when compared to the existing literature of
thin film materials derived from p-type oxide FETs.[?] The ob-
served improvement in the device performance can be attributed
to the fact that adding a thin passivation layer on the active chan-
nel material may induce high charge carrier movement along the
in-plane direction of the channel layer with the carrier confine-
ment in a potential well,[3**] which improves carrier mobility
and device on-state current due to the two-dimensional carrier
transfer formed in the bulk of a-TeO,, which further avoids scat-
tering and charge trapping by the defects from the back chan-
nel surface of the active material. Clearly, the added advantage of
these devices is their high scalability and low temperature pro-
cessability (50 °C) due to which they can be easily adopted onto
low-cost flexible substrates.

Next, we studied the dependency of the channel thickness
on the key TFT parameters (10 nm film TFT device character-
istic given in Figure S7a,b, Supporting Information). Here a
monotonous increase in mobility (3.8 to 13.3 cm? V-! s7!) and
a downward trend in the respective on/off ratios (3.3 X 10° to 3.6
x 10?) has been observed (Figure 5a,b) for the devices fabricated
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at 50 °C processing temperature with the thickness of 10 nm.
This observation can be correlated with the increasing presence
of elemental tellurium in the 10 nm film compared to the 5 nm
film.

This is responsible for the higher charge carrier concentration
resulting in improved mobility and reduced on/off ratio. This ob-
servation is supported by the fact of a reduced electrostatic con-
trol for TFTs having thicker channel layers which is commonly
observed for other material systems, t00.!=*}] To examine the
reproducibility of the fabricated TFTs based on the evaporated
a-TeO, semiconductor thin films, two batches of devices (5 nm
a-Te0, /5 nm AlO,) consisting in total of 8 TFT5 and their per-
formance parameter average value such as mobility (3.6 cm? V!
s71), on/off ratio (2.3 x 10%), and on-state current value (916 pA)
with standard deviations for 10 and 30 V V|4 are summarized
in Figure 6a—c. The data depicts a narrow performance variation
with a small standard deviation.

Finally, we investigate the air stability of the PMOS de-
vices (5 nm a-TeO,/5 nm AL O,) by storing it for longer times
(>4 months/125 days) under ambient atmospheric conditions
with a humidity of 60-77%. Figure 7a—d presents the trans-
fer and output characteristics of the PMOS devices with differ-
ent source-drain voltages (10 and 30 V V) for a set of TFTs
fabricated at 50 °C as a function of storage time. After stor-
ing the devices for one month, a slight decrease in mobility
from 3.8 to 2.4 cm? V! s71, a stable on/off ratio from 3.2 to
3.3 x 10,® and a slight increase in hysteresis has been observed.
The slight device degradation for the p-type oxide TFTs under
ambient environment conditions can be attributed i) to the ab-
sorbed humidity content which creates an increased energy bar-
rier for the hole transport at the semiconductor grain bound-
aries as well to humidity related hole traps near the VB edge
which might also be reactive towards polar H,O molecules.[>*4]
In contrast, after 30 days and up to day 125 all devices are
stable without any detectable degradation in the mobility and
on/off ratio (Figure 8a,b) meeting the requirements for signal
switching units in electric circuits. The observed stable per-
formance over 125 days, indicates the superior ambient dura-
bility of the fabricated PMOS devices. Such durability with
good mobility values alongside the low processing temperature
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Figure 5. a,b) Transfer and output characteristics of the FETs fabricated with a 10 nm a-TeO, and a 5 nm Al,O, passivation layer depicting a decent
p-type device characteristics with an on-state current of near to 4 mA at 30 V V5.

may qualify them for the implementation in flexible all-oxide
electronics.

3. Conclusion

In summary, our study explores a-TeO, oxide as an active thin
film p-type semiconductor while employing a highly scalable di-
rect gas phase deposition method. Significantly, the engineered
nanometric passivated a-TeO, thin film shows a superior hole
mobility of 3.8 cm? V™! 571, an on-state current of 966 pA, and
an on/off ratio of 3.8 x 103, all achieved at an exceptionally low
processing temperature of 50 °C. Noteworthy is the consistent
reproducibility of the devices, with minimal variance in the TFT
metrics, yielding an average hole mobility, on-current, and on/off
ratio of 3.59 cm? V=1 571,914 A, and 3.3 x 10,? respectively. Fur-
thermore, the devices have undergone stability testing under am-
bient atmospheric conditions for an extended period exceeding

of four months. The devices have exhibited marginal reduction
in mobility, while maintaining a steadfast on/off ratio within the
range of 3.8 X 10° to 3.3 x 10* throughout a 125-day duration, un-
derscoring their robust environmental endurance. The observed
transistor characteristics alongside their low processing tempera-
ture make them interesting candidates for integration onto flexi-
ble substrates, especially applications requiring large area imple-
mentations such as bendable and stretchable electronics.

4. Experimental Section

Thin Film Fabrication and Characterization: a-TeO, powder was ob-
tained from Sigma-Aldrich (99.9995%) and used directly as thermal evap-
oration source for the thin film deposition of the active semiconducting
layer. Aluminium wire (diameter 1.5 mm, purity of 99.999%, Umicore) was
used as a source material for the passivation layer deposition of Al,O, by
physical vapor deposition. For all-thin film depositions, thermal evapora-
tion was carried out using Auto 306 FL400 thermal vacuum evaporator

4x10°

b c
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Figure 6. a—c) The performance parameters (mobility, on/off ratio, and on-current) extracted from the fabricated FETs considering at least eight devices
obtained from two different batches, and their average values with standard deviation showing less variability in the devices.
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Figure 7. a,b) Plot showing FETs transfer characteristics of 10V, and 30 V V55 as a function of time under ambient conditions fabricated at 50 °C (5 nm

a-TeO, /5 nm AL, O,).

from HHV-Limited; where the substrate temperature was maintained at
room temperature with a maintained vacuum pressure (5.5 x 10~ Torr).
An alumina coated tungsten basket was used as an evaporation source.
The distance between the substrate and the alumina crucible was ~25 cm
and the thickness of the deposited films were monitored using a Sigma
SQM160 quartz crystal balance. Scanning electron microscopy of the de-
posited films were performed on a Philips XL-30 FEI with an accelera-
tion voltage of 15-20 kV. a-TeO, thickness analysis and surface rough-
ness was carried out using atomic force microscopy (AFM) of Bruker Di-
mension Icon standard tapping mode procedure. X-ray diffraction (XRD)
analysis was carried out on a-TeO, powder using a Rigaku Miniflex 600
(40 kV, 15 mA) equipped with Cu K radiation. Raman spectroscopy was

Adv. Mater. Interfaces 2024, 2301082 2301082 (7 0f9)

performed using a DXR3 Raman spectrometer with 532 nm wavelength
(Thermo Scientific). Transmission electron microscopy (TEM) was per-
formed using a FEI Tecnai G2 with accelerating voltage of 200 keV. The
cross-section samples were prepared via focused ion beam (FIB) equip-
ment of FEI Helios NanoLab 460F1 FIB-SEM with a platinum layer depo-
sition. The X-ray photo electron spectroscopy (XPS) measurements were
performed using a K-Alpha+ XPS spectrometer (ThermoFisher Scientific).
Thermo Avantage software was used for data acquisition and process-
ing. All films and powder samples were analyzed using a micro focused,
mono-chromated Al Ka X-ray source (400 um spot size). The K-Alpha+
charge compensation system was employed during analysis, using elec-
trons of 8 eV energy, and low-energy argon ions to prevent any localized
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Figure 8. a) Performance parameters mobility and on/off ratio obtained of the stored FET devices (5 nm a-TeO,/5 nm Al,O,) at 50 °C demonstrating
their average values with respect to different drain voltages. The mobility values have slightly degraded with the number of stored days. b) On the other
hand, the on/off has shown a highly stable performance as a function of number of stored days under ambient conditions.

charge build-up. The spectra were fitted with one or more Voigt profiles
(BE uncertainty: +0.2 eV) and Scofield sensitivity factors were applied for
quantification.[*’] All spectra were referenced to the C 1s peak (C—C, C—H)
at 285.0 eV binding energy controlled by means of the well-known photo-
electron peaks of metallic Cu, Ag, and Au, respectively.

Thin Film Transistor (TFT) Fabrication and Characterization: The PMOS
TFTs were fabricated on commercially available substrate of highly n-
doped silicon (n =3 x 10'® cm~3) with 230 nm silicon dioxide as a di-
electric layer, source-drain electrodes were located on an interdigitated ar-
chitecture comprising of 30 nm gold with a 10 nm indium tin oxide (ITO)
adhesion layer (Fraunhofer IPMS, Dresden). The interdigitated structures
consist of prefabricated passive source and drain electrodes in a bottom-
gate-bottom-contact configuration. The electrodes were designed to have
a W/L ratio of 25; where the channel length (L) and width (W) of 80
and 2000 um respectively. Prior to PMOS TFT fabrication, the substrates
were cleaned with acetone, and isopropanol (both HPLC-Grade, Carl Roth
GmbH & Co. KG) via ultrasonication for 10 min each and dried under an
intense argon stream followed by treating them with the UV light (wave-
length of 254 nm, optical power of 4 W) for 10 min, using a modified
UV Ozone Cleaner UVC-1014 (NanoBioAnalytics). Once the cleaning pro-
cedure was done, the required thin films were deposited using a ther-
mal evaporator. Finally, the fabricated transistor transfer and output char-
acteristics were performed in an inert gas atmosphere (argon) inside a
glovebox, using a B1500A Semiconductor Device Analyzer (Agilent Tech-
nologies). The pressure inside the glovebox was maintained constant at
2.7 mbar with a water content of <0.5 ppm and an oxygen content of
<0.5 ppm.
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