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Zero waste and biodegradable Zinc Oxide
Thin-film Transistors for UV sensors and logic
circuits

Gabriel L. Nogueira, Dinesh Kumar, Shoushou Zhang, Neri Alves, and Jeff Kettle

Abstract— Bioderived and biodegradable electronics
have the capability to reduce significantly Waste Electrical
and Electronics Equipment (WEEE) and can also be
applied to other sectors where degradation to benign by-
products is essential such as marine, farming, or health
monitoring. Herein, the authors report biodegradable thin-
film transistors (TFTs) arrays based on zinc oxide (ZnO)
active layer using molybdenum (Mo) source, drain and
gate electrodes. The developed TFTs were fabricated at
room temperature onto a planarized biodegradable
substrate surface and achieved an lon/loff ratio of ~4x108,
a threshold voltage of ~2.3 V, field-effect mobility in the
saturation region of 1.3 cm2 V-1 s-1, a subthreshold swing
of 0.3 V dec! and show stable device performance under
stability tests. Based upon the successful fabrication of
the ZnO TFT array, the demonstration of a UV sensor
(phototransistors mode) and simple logic circuits (inverter
and both NAND and NOR gate circuits) are presented.
Further, a method to ‘control’ the transience was
implemented by using a printed heater that could
accelerate the decomposition of material, which opens
potential avenue for material recovery and zero waste
products.

Index Terms— biodegradable electronics, molybdenum,
thin-film transistors, zinc oxide.

I. INTRODUCTION

HE desire to reduce the volume and consequential impact
of electronic waste (e-waste) has brought about a growing
interest in electronic devices containing more environmentally
friendly materials. For instance, biodegradable electronics
devices, that are made from materials that dissolve into benign
and biocompatible by-products, provides unique opportunities
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for applications in new optoelectronic, electronic, and sensing
systems.[1] The development of the fully biodegradable
electronics requires investigation of alternative substrates,
insulators, metals, semiconductors and encapsulation; all of
these elements need to provide adequate performance,
reliability and degradability for future commercial
applications. In terms of substrates, new options have emerged
by adopting bio-based materials such as those based on
Polylactic acid (PLA), Polyhydroxyalkonoates (PHAs), starch
blends, or cellulose based plastics.[3] However, these
materials impose additional constraints for electronic
processing as they are only suitable for low temperature
processing (<150°C) and have a higher surface roughness than
existing electronic substrates. Additional challenges are
related to the selection of Ohmic contacts because there is a
small sub-group of metals that are known to biodegrade.
Commonly used electrode metals include gold (Au), silver
(Ag), platinum (Pt), and copper (Cu), but these are not suitable
for green electronics because of their non-biodegradable
nature, low relative abundance, and pollution they create over
their entire cradle-to-grave life cycle.[4] By contrast,
magnesium (Mg), Zinc (Zn), Tungsten (W), Iron (Fe),
Molybdenum (Mo) have been identified as the main
alternative choices, due to their biocompatibility and easy of
disposal.[6]

The sourcing of biodegradable semiconductor materials is
another pressing issue in order to reduce e-waste.[5] So far,
Ultra-Thin Silicon (UTS) has been used to manufacture
biodegradable devices, but silicon electronic manufacture is
known to be energy intensive from Life Cycle Assessments
(LCAs) studies.[8] Other semiconductor materials that are
known to be biodegradable include is Zinc Oxide (ZnO),
(bandgap ~3.4 eV) which has been widely studied in recent
years for flexible electronic and optoelectronic devices.[9],
[10] ZnO has already been demonstrated in wearable[11] and,
more recently, epidermal or skin-like devices, such as UV-
dosimeter temporary tattoos or highly stretchable
photodetectors have shown great potential for health
monitoring.[12], [13] Nevertheless, there are few reports of
entirely biodegradable devices and circuits having been made,
especially as the choice of electrode to use in conjunction with
ZnO has not been considered.

In this paper, the manufacture of biodegradable ZnO TFT
after careful material selection of the electrode, dielectric, and
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substrate is reported. To achieve this, Mo electrodes have been
used and a detailed discussion about the formation of ohmic
contact between Mo/ZnO is also presented in the Section 2.
Subsequently, the performance of the low-temperature ZnO
TFTs are reported as well as the adaptation for UV photo
sensors, and the demonstration of complex logic circuits,
which could be used for logic circuits or sensor systems in the
future. Finally, degradation studies are conducted.

II. ELECTRODE SELECTION FOR SUSTAINABLE
ELECTRONICS PREPARATION

A. Biodegradable and commonly used electrodes for
ZnO TFTs

Considering the range of metals, which are either already
used as Ohmic contacts in ZnO TFTs or are known to degrade
into benign end-products, a list of potential electrodes options
is shown in Fig. la by considering the current market costs
(euro kg!) and their global abundances (ppm).[14] Based upon
this analysis, the use of Fe as electrodes would be desirable as
it provides a best balance of low-cost and high availability. By
contrast, Ag has a comparatively higher cost and lower
abundancy so is clearly undesirable from a cost and
sustainability perspective for ZnO TFTs. In addition, Fig. 1b
summarizes the dissolution rates of metals in physiological
conditions and in deionized water (DI), where Ag, Ti, and Al
were left out of this analysis as they are not considered
degradable. Data for the dissolution rate in DI shown in Fig.
1b is also useful in an environmental context. It is clear that all
of these metals exhibit fast dissolution rates, although Mo,
followed by Fe, appear to be the most resilient, but
considering that TFTs typically use electrodes with thickness
<100 nm, even the most resilient electrodes would likely
degrade within 100 days of exposure to the mediums. As such,
encapsulation of final devices will be a prerequisite for many
practical applications.

In order to review the impact of electrode material selection
in ZnO TFTs, we applied a life cycle impact assessment
approach using the USEtox version 2.12 model to determine
potential impacts on human health (cancer and non-cancer
disease) and ecological toxicity, using a methodology reported
by Chen et al[15] and Singh et al[16]. The model outputs the
environmental fate, effect parameters, and also improves
understanding and management of chemicals in the global
environment by further applying the model to describe the
exposure and effects of chemicals.
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Fig. 1. (a) Map of cost and global abundance values for representative
metals for ZnO contacts. The green spheres represent biodegradable
metals. (b) Dissolution rates of the principal bioresorbable metals in
physiological conditions (Hank’s solution, pH 7.4 and 37°C) and in
deionized water (D).

The results are shown in Fig.2 and can be used for eco-
design of the electrode choices. In this study, we chose the
USEtox “mid-point effect” which minimizes inference of data
and uncertainties caused by interactions between different
impacts. The potential carcinogenic and non-carcinogenic
impacts of eco-toxicity and human toxicity of the selected
metals were calculated according to the Equation 1:

ISx =W.Cfx €))

where, IS ;representing the impact score of metal x in the TFT;
Wis the total weight of the electrode (in kg); and Cf.is the
characterization factor for the corresponding potential of
metal x. The units of the characterization factor for human
toxicity and ecotoxicity were cases (Kgemiwea)!, and potentially
affected fraction (PAF) of species due to change in
concentration of toxic emissions.[17]

In terms of the human toxicity impacts of the metals
(Fig. 2a), the rank of best to worst choice is Mo, Zn and
finally Ag. Fe and Mg tend to absorbed by the body naturally
so are not applicable for human toxicity calculations. In terms
of ecotoxicity impacts (Fig.2b), the rank of best to worst
choice is Mo, Fe, Zn, Ag and finally Al. In the case of Ag (on
average 3200 PAF m’day kg!), this is primarily due to
environmental damage caused in the full life cycle, including
such processes as mining, purifying and transportation. It is
clear that Mo and Fe show the best characteristics for
electrode selection in ZnO TFTs, when considering the cost,
abundance, degradability and human and environmental
impact (Fig. 2c). However, reports of the use of Mo or Fe
electrodes in large area electronic are quite rare [22], possibly
because Al and Ag are very simple and effective and eco-
design has not been widely considered.
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Fig. 2. (a) Midpoint human health characterization factor [cases kgemitea''] NON-cancer total human toxicity and (b) Midpoint ecotoxicity
characterization factor [PAF m3 day kgemitea'']. Both scores resulted from the USEtox 2.12 life cycle assessment of representative
biodegradable metals. (¢) Eco-toxicological impact and the total human toxicity risk result using the metal mass of 100 nm thin films.



Nogueira, G. L. et al.: Zero waste and biodegradable Zinc Oxide Thin-film Transistors for UV sensors and logic circuits 9

B. Suitability of Mo source/drain electrode for ZnO

As a result of the sustainability analysis, Mo and Fe are
seen as promising candidate materials for ZnO TFTs, but
understanding it’s behaviour as ohmic contacts with ZnO is
vital.[20] For instance, Ning et al. reported the formation of a
molybdenum oxide interlayer between the Mo and a-STO that
prevent the diffusion of Mo atoms into a-STO film resulting in
a better-quality contact interface[18]. In terms of electrical
behaviour, for an ideal metal-semiconductor junction, the
barrier height for electron injection (®g) depends primarily on
the metal work function (®v) and the electron affinity of the
semiconductor (ys), and is given by the Mott-Schottky
equation:

Py =Py — x5 )

According to the Equation 2, the formation of an ohmic
contact for an n-type semiconductor requires @y to be close to
or smaller than ys. However, practical devices have long been
known to deviate from this ideal behavior.[21] Fig. 3a shows
the work function and it is clear that the work function value
of Mo electrodes lies in such a range that the formation of an
ohmic contact purely in terms of the difference between the
®y and ZnO electron affinity is unlikely. The affinity of
oxygen to metals is one aspect that can affect the working
mechanism of ZnO devices, as shown with Ti electrodes,[27]
however the oxygen affinity to Zn is higher than to Mo, so the
authors consider this unlikely to lead to Ohmic contact
formation either. However, the ohmic contact can also be
explained by tunneling through the barrier. In general,
tunneling will only be dominant for high doping
concentrations.[24] Therefore, the formation of ohmic contact
to ZnO can be achieved by increasing the ZnO surface doping
density, which narrows the depletion width and increase the
probability of electron tunneling. This formation of a
metal/ZnO ohmic contact arises as a result of the oxygen
vacancies and ensures the working of devices based on the Mo
or Fe biodegradable electrodes. The ZnO/Mo ohmic contact
formation should be related to the exposition of ZnO surface
to the intense impingement that is the sputter process[25]
during the Mo top electrodes deposition. For example, Hu et
al. reported a superior ZTO ohmic contact formed using
sputtered Mo when compared to evaporated Mo.[19] For
IGZO and ZTO, sputtering may change chemical states and
create a conductive region at the interface or deep in the
semiconductor film. The resistivity of oxide semiconductors
can be reduced by argon or hydrogen plasma treatment,
possibly due to the formation of extra oxygen vacancies or
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Fig. 3. (a) Average values of work function (eV) for representative

metals,[45], [46] in which the green squares represent the
biodegradable ones. The dashed line represents the electronic
affinity value of ZnO.

other doping states. For ZnO, it is reported that the ion
bombardment during the Ar plasma treatment decreases the
contact resistance because of the formation of oxygen
vacancies on ZnO surface,[26] which can also enhance the
ZnO TFT performance.

[ll. EXPERIMENTAL SECTION

A. Substrante development

In this work, Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBv) was used as the substrate for TFT
device fabrication. PHBv is a biodegradable, nontoxic,
biocompatible plastic produced naturally by bacteria and
undergoes bacterial degradation in the environment. One of
the challenges of using PHBv directly in electronics are the
low glass transition temperature (T, ~80 °C) and low melting
point (T, ~150 °C), and the relatively high surface roughness
[27]. As a result, the processing temperatures had to be kept
below 80 °C. In order to ensure compatibility with the PHBv
substrate, planarization was required. A planarization layer is
needed as the substrate must have strong adhesive properties,
be able to sustain moderate temperatures, be free of impurities
that migrate into the active layer and planarize the surface
adequately for device fabrication. For TFT fabrication, the
surface properties of the substrate are very demanding as the
electrodes and semiconductor needs to be deposited onto a low
roughness underlying substrate (typically average surface
roughness (Ra) <20 nm), otherwise the semiconductor layer
will inevitably contain many traps at the dielectric and
semiconductor interface. Therefore, polyvinyl acetate (PVAc)
was used to planarise the surface prior to device fabrication.
PVAc with a typical molecular weight (My) of 80,000-
100,000 was used, as received from Sigma-Aldrich. PVAc (3
wt%) were spun onto the PHBv substrates at 3000 rpm and
annealed at 50°C in air atmosphere for 1 hour. The thickness
of the PVAc was measured at 150 nm using profilometry.

B. TFT fabrication and testing

Molybdenum (Mo) metal was sputter coated onto the
substrate using a Leybold 350 sputter coater with argon gas.
The power density used for the Mo deposition was 1.35 W cm
2 and the flow rate of the Ar/O, gas was set at 20 sccm at a
pressure of 20 mTorr. The deposition rate was measured at
1 As! with a final thickness of 50 nm. Subsequently, an
aluminum oxide (AlOs) dielectric layer of 60 nm thick was
deposited using Leybold350 Electron-beam evaporator using
1-3mm of clear ALOs; pieces with 99.99% purity. The
deposition rate was kept below 2 A s! for uniform layer
deposition[28]. The optimum thickness for the AlLO; gate-
oxide film was measured at 60 nm based upon electrical data.
ZnO layers were deposited using radio frequency (RF)
sputtering technique. The power density used for the ZnO
deposition was 0.95 W cm and the flow rate of the Ar/O, gas
was also set at 20 sccm at a pressure of 20 mTorr. The
deposition rate was measured at 0.5 A s with a final thickness
of 50 nm. No post annealing of films was applied, but the
substrate was cooled during film deposition to avoid
overheating of the PHBv substrate. The 99.99% pure ZnO
target was pre-sputtered under closed shutter conditions for 5
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min to eliminate any surface contaminants. Finally, source and
drain Mo electrodes were deposited resulting in an 800 ym
and 50 ym channel width and length, respectively (scheme on
inset of Fig. 4a). Surface roughness was characterized using
mechanical profilometry in order to identify processing
anomalies over large areas to be identified, which is necessary
for TFT arrays. For the TFT measurements, a two-channel
source-measure unit (SMU, Keithley) was used, with probe
connectors to perform the contacts to the electrodes (drain,
source, and gate) and a voltage sweep ratio of 0.5 V s for
both Vps and Vgs. For UV saturation experiments, the ZnO
TFTs were exposed to UV light with wavelength of 355 nm
for one minute, with the power measured at an irradiance of
0.20 mW mm.

IV. RESULTS

A. ZnO TFT performance

In this work, PVAc was applied to level and minimize the
surface roughness of the PHBv. Initially, the surface
roughness was reduced from an average surface roughness
(Ra) of 530 nm to 55 nm, and the peak-to-valley (Rz)
roughness from 84 nm to 16 nm, i.e., an improvement of
~9.5x and ~5x of Ra and Ry, respectively. After deposition of
gate metal (Mo), the surface roughness did not change
significantly either. The AL,O; gate dielectric was obtained by
E-beam deposition. Previously, ALOs thin-films for TFT gate
dielectrics are typically deposited from sputtering,
anodization, or Atomic Layer Deposition (ALD), but these are
difficult to achieve given the chemical susceptibility and low
T, of the biodegradable substrate. Initially, AlLO; metal-
insulator-metal (MIM) capacitors were made and then tested
using impedance spectroscopy which yield a capacitance per
unit area of 2.5x107 F cm, which compares to around 3.8x10
7F cm? for sputtering [29] and 1.5x10”7 F cm for ALD [30].
Electrical characterization of the MIM capacitors show low
leakage current between -20V to 20V with a value of 2.5x101°
Alem?.

ZnO TFTs were then fabricated and the characterization is
presented in Fig. 4 where output (a) and transfer curves (c) are
shown. From the plot of output curves, we see that the drain
current (Ips) increases as the drain voltage (Vps) is increased
from O to 10 V. The curves are plotted for different positive
gate bias clearly show the device to be operating in the
enhancement mode, achieving saturation at high values of
Vps. The clear pinch-off and saturation region of the output
curves imply that the free electrons of the ZnO channel can be
depleted. The source/drain contact’s quality of the TFT is
better evaluated by depicting the derivative (0Ips/0Vps) of the
output curves at low Vps region.[51] For our ZnO-TFT, Fig.
4b shows both the linear drain current behavior and the
0lps/OVps curves within the region of Vps from 0 to 2.0 V. The
absence of “current crowding” behavior demonstrates
moderately good contact between source/drain electrodes
(Mo) and the semiconducting channel (ZnO). Then, following
the discussion in Section 2, the use of Mo contacts enables a
biodegradable TFT to be fabricated and it has a minor impact
on device performance when compared to using the more
toxic metals such as Al or Ag.

The transfer curve for the device operating in the saturation
region is shown on Fig. 4c. Considering the Ion/Iof ratio as the
ratio of the maximum to the minimum Ips, a value of ~4x10°
was achieved. The Ips'? versus Vs curve is also depicted in
Fig. 4c, which allows the evaluation of the threshold voltage
(V) from the extrapolation of the linear region to the
horizontal axis and the mobility (#) from the slope of the
curve:

1/2 _
L™=

(W

Jz — Vi)

. 3
Considering the C; mentioned before and the W/L of 16, we
extracted values of Vi and p of ~2.3V and 1.3 cm? Vs,
respectively. The saturation mobility (#) can also be
calculated from the transconductance with high Vps:

_ (515;?’ '
T wg E) , %)
Where C; is the gate insulator per unit area, W is the
channel width, and L is the channel length. Fig. 4d shows the
plotting of p versus Vgs that allows for a more complete
understanding of the device behavior than the single peak or
mean value of y.[33] The extracted values of Vi and p are
similar to the report of Li et al. and Varma et al. using low
temperature ZnO thin films.[31], [34] In total, 28 devices were
fabricated and the variation in device performance is shown in
Fig. 4e and 4f for Vy, and u, respectively. Variability of device
performance is largely comparable to performances achieved

from sputtered deposition approaches onto glass substrate
devices.[35]
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across 28 identical devices. All plots related to the ZnO TFT with Mo
electrodes.

Another important parameter to evaluate the ZnO TFT is
the subthreshold swing (SS), which indicates the change in
gate voltage required to increase the drain current by one
decade in the sub-threshold region (Vgs < V). The SS is
defined as the inverse of the maximum slope of transfer
characteristics:

N |
d log(ips)
Ss = (—95 )
aVng

)

The SS also provides valuable information since it is related
to the total trap density (N near the semiconductor/gate
dielectric interface, as shown by the Equation 6:[36]

Nz(i_g___l)f_
A ©)

Where C; is the gate insulator capacitance per unit area, k is
the Boltzmann constant, and ¢ is the charge of an electron.
Based upon the data in Fig. 4c, the calculated values of SS and
N; are 0.3 V dec! and 6.3x10'2 cm? V! 5!, respectively. The
values reported here are in agreement with the founds of
Kandpal et al.[37] and Dong et al.[38].

It is worth noting that the performance of the device is
slightly lower than the state-of-the-art in this field. The reason
for this is twofold; first, the surface roughness of the dielectric
is still relatively higher than conventional substates (typically
glass) and could be improved with further optimization and
reductions in the surface roughness. Secondly, the ZnO could
not be annealed due to the underlying PHBV substate and
PVAc layer, which means the device cannot be processed at
temperatures greater than 150 °C. Typically, ZnO films are
annealed at temperatures greater than 300 °C; however, one of
the benefits of sputtered films, over ALD or spray deposited
ones, is that they seem more tolerable of low temperature
processing as grain sizes are larger — typically around 120 nm
using our processing route[10].

Considering the TFT architecture with ohmic contact, the
output curves were simulated via the COMSOL software.
Fig. 5a shows output curves simulated for a ZnO-based TFT
with Mo ohmic contacts by using the simplified geometry and
dimensions shown on the inset of Fig. 5b. For this simulation,
it was used parameters such as ¢ = 1.5 cm? V! 57! and a doping
density (Ng) of 1x10% m?3 uniform along with the film
thickness. Fig.5c shows the output curves simulating a
condition in which the surface is heavily doped, with a ten-
time higher donor concentration than the bulk. Based on the
similarity of these curves with the ones shown in Fig. 4a, we
note that a moderated increase in the doping density at the
surface does not prevent the device from working properly.
However, when the surface doping density is increased, it
became difficult to reach the expected saturation of Ips at low
voltage as found experimentally. Fig.5d shows the output
curves for Vgs= 8V simulated for all doping density profiles
shown in Fig. 5b. The current normalized by the maximum
value of the set curves enables a better shape comparison, and
the curves without normalization are shown in the inset
presenting the difference in Ips magnitude. The distortion of
Ips saturation becomes relevant from a doping density surface

a hundred times bigger than bulk density. Once the surface
doping density stay below critical values, the simulation
results are compatible with the experimental behavior. Thus, it
is likely that the existence of a suitable surface doping, as
described before, occurs due to a plasma environment during
the sputtering procedure of Mo deposition on the ZnO film.
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Fig. 5. COMSOL simulation for a ZnO TFT with a Mo source/drain
ohmic contacts. (a) Output curves for different Vgs steps for a constant
donor concentration of 1x102 m-3. (b) A plot of different doping profiles
keeping the donor concentration of 1x102m3 within the
semiconductor bulk and increasing the near-surface values. The top-
electrodes/semiconductor interface is positioned at zero length. (c)
Output curves for different gate bias keeping the donor concentration
shape as shown on the inset (11x102 m= at zero length). (d)
Normalized output curves with Vg =8V for each profile. The inset
shows the difference in Ips magnitude at the same Vg = 8.

B. Biodegradable UV sensors

In order to evaluate the optical properties and to the
determination of its energy gap, UV-Vis measurement of the
sputtered ZnO thin films was conducted (not shown here).
ZnO exhibited a high absorbance in the UV region, and a
transmittance value of about 99.8 % at the visible light (550
nm). The absorbance 345 nm peak is an important information
regarding the UV sensing application of ZnO-TFT. The
optical bandgap of the ZnO was determined by applying the
well-known Tauc’s plot. The coefficient 0.5 is set to the direct
transition type of ZnO thin film. Thus, the Tauc plot for direct
allowed transitions yields the bandgap calculated value of
3.38eV and a plot slope of 5.53x10', which are in good
agreement with ZnO thin film values found on literature.[39]

Fig. 6a shows the effect of UV light on the characteristics of
the biodegradable ZnO TFT with Mo electrodes. The sensing
tests were carried out by monitoring the transfer curve
measured in dark and after exposed the device to a UV-
355nm LED for one minute. The UV light changed
dramatically the curve, decreasing the Ion/Iorr ratio to around
50 and increasing the Iox by a one order of magnitude. To
evaluate the performance of the ZnO TFT as a photodetector,
the contrast ratio (sensitivity) was recorded. The contrast ratio
is an important figure-of-merit of an UV detector that is
defined as the ratio of the light current to the dark current.[40]
Fig. 6b shows the dependence of contrast ratio with the gate
bias (Vgs), in which the highest sensitivity (~10* - 10°) is seen
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at Vgs range related to the OFF-state of the TFT. In short, such
photoconductive effect can be attributed to the generation of
the photo excited carriers, which changes the behavior of the
ZnO from semiconductor to conductor. Viera et al. [47] and
Kumar et al. [41] reported a time-dependent photocurrent for
ZnO films, which show a transient recovery response, which
limits the phototransistor speed of operation. Even at high
doses of UV irradiation (13 W m?2), the electrical performance
normally recovers to close to its original value within 30
minutes [47]. The marked increase in the observed response of
the ZnO TFT with Mo electrodes under UV light of
wavelength 355 nm indicates that our biodegradable device
can clearly be used as a UV detector.

Responsivity and EQE of the ZnO TFTs were evaluated by
measurement carried out from transfer curve at Vps = 15V at

room temperature in air. These properties are given,
respectively, by equations (8) and (9):
ftotal— dark [, .
Responsivity = p‘—"r = ’—;‘;1
fapq 8)
Ton ¢
EQE =3
Q P":hv (9)

The responsivity and EQE values were calculated at 355 nm
wavelength, and were measured are 8.60x10° A W' and
3.6x10° el ph!, respectively. This value of responsivity is
similar to other reported works of ZnO TFT UV sensors. For
example, Kumar et al reported 3.65x10* A W' and 1.27x10°

el ph!, respectively.[10] Guo, et al, manufactured
photoconductors based on transistor with mechanically
exfoliated single layer of Graphene/ZnO QDs, which

displayed responsivity of 10* A W' at UV wavelength of 325
nm.[42] To our knowledge, this paper reports the best
performing biodegradable UV TFT photosensors.
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Fig. 6. (a) Transfer curve for the ZnO TFT with Mo electrodes, before
and after UV exposure (355 nm) for one minute. (b) Dependence of
contrast ratio with the gate bias (VGS).

C. Demonstration of biodegradeable logic circuits

To investigate the potential of the biodegradable ZnO TFT
as logic circuits, a simple inverter circuit using a diode-
connected TFT load was built by serially connecting a TFT
load to the ZnO TFT, as shown on the inset of Fig. 7b. Fig. 7a
shows the measured static voltage transfer characteristic for 3,
6, and 9 supply voltages (Vpp). The W/L ratios for the driver
and load transistors were (2500 um)/(50 um) and
(625 pm)/(100 pm), respectively. When the input voltage

(V) of the inverter was low, the driving transistor was in an
off-state. Hence, a high output voltage (Vour) is produced that
is the same as the Vpp. Alternately, when Viy is high, the
transistor is in an on-state. Thus, a low Vour is transferred as
an output. Voltage gain curves that is defined as Veam = -
dVour/dVin were plotted for the different Vpp bias in Fig. 8b.
The inverter showed a sharp response that the maximum V gin
is 290 as Vpp of 9 V.
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Fig. 7. Measured characteristics of the inverter: (a) Voltage transfer
characteristics (VTC) and (b) corresponding voltage gain curves of the
inverter for 3, 6, and 9 supply voltages (VDD). Inset: circuit diagram of
the diode load inverter.

To further investigate the logic functionalities with the
biodegradable ZnO TFT, both NAND and NOR gates were
also configured. They were composed of two drivers TFTs
connected to a load transistor. A circuit diagram, a truth table,
and the measured dynamic output characteristics of the logic
gates are exhibited in Fig. 8a and 8b. Here, a high Viy of 12V
is defined as ‘1’ and a low Viy of 0 V is defined as ‘0’. In the
NAND logic gate, the output is ‘1’ when both V, and Vg are
‘0’. In the NOR logic gate, the output is ‘0’ only when both
Vaand Vg are ‘1°.
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Fig. 8. (a) NOR and (b) NAND logic circuit composed of two ZnO TFT
transistors: circuit diagram, truth table, and measured dynamic output
characteristics.

D. Biodegradability tests and “controlled” degradation

Previous studies have explored the transient behavior of the
biodegradable devices. It is known that the degradation
kinetics of the constituent device materials depends on many
factors including pH, temperatures, film thickness, bulk and
surface morphologies.[43] Shown in Fig. 9a is the stability of
the ZnO TFTs stored and tested under ambient conditions.
Over 100 hours of testing, the devices show stable operation
under ambient conditions with no major change in
performance. Previous studies using Mg based electrodes
show much poorer device ambient stability, so the benefit of
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using the Mo based electrode, as we have done in our work, is
evident. Also shown is the behaviour of the developed ZnO
TFTs when degraded in a Phosphate-Buffered Saline (PBS)
solutions with a pH value of 74 and kept at constant
temperature (37 °C), which clearly shows rapid degradation in
less than an hour as a result of hydrolysis reaction of ZnO and
dissolution of Mo.[44]

The results confirm that stable devices are achievable, and
that the degradation is strongly dependent on the chemical
composition of the surrounding medium and relies on
‘passive’ or diffusion-driven degradation. As such, we
introduce a new method for triggering reactions in transient
electronics to achieve ‘active transiency’. To accomplish this,
a resistive heater was integrated into the underside of the
PHBvV substrate (see schematic in Fig.9b). In doing so,
elevated heat can be applied to the ZnO TFT arrays, leading to
accelerated degradation and, thus, control of the device
lifetime. To model the behaviour, an Arrhenius equation was
used for modelling and prediction of life at elevated
temperatures, as shown in Eq. 10 where the transient life (L) is
shown as a function of temperature (T) and where A is a
fitting parameters and E, is the activation energy (eV). For all
data fitting in this paper, a 2-point Weibull PDF was used as
shown in Eq. 11, where {3 is defined as the shape parameter, 1)
is the scale parameter, t is the time and f(t) is the probability of
failure.

Eas
L(T)= Ae *T (10)
. 8—1 —‘,5.‘}3
Fo=3() (11)
A = _Lrr _ e[:.%_i'ﬁzjrsr b
F Lh':nrs-r (12)

Based upon Eq. 10, life as a function of temperature can be
plotted on a logarithmic scale to show how varying resistive
heater temperature affects the transient behavior of the ZnO
TFTs. This is shown in Fig. 9c, with model fittings provided
as an inset in Fig. 9d. As can be seen, by increasing
temperature, the life of the ZnO TFTs and the degradation
follows an Arrhenius relationship with temperature. An
important characteristic often assessed in life test models is the
acceleration factor (Ar), which shows the ratio of the ZnO
TFT lifetime at the room temperature relative to its life at an
elevated  temperature and is  defined in  Eq.
12 where Trr and Theaer IS Toom temperature and the heater
temperature, respectively, and A is the fitting parameter from
Eq 10. For this work, the fitting parameters provide valuable
insight into the transient behaviour. As $>1, this indicates that
the failure rate (e.g. failures per unit time), increases as time
increases. This implies that the failures are driven by ‘wear-
out’ rather than suffering from early life failures. This could
be perceived positively as it indicates that the integrated
heaters do not stimulate early life failures and that the ZnO
TFTs are being driven into ‘wear out’ mode within a
prescribed timeframe. “Active transience” is a new concept
proposed in this paper. This approach could be useful for
wiping sensitive data from electronic memory devices or
providing a method to degrade devices and recover precious
metals from electronics. This could open a new paradigm in
“Design for Recyclability” applications.

V. CONCLUSION

There is an increasing demand for electronic technology
which are used regularly and on daily basis, but it is vital to
meet the net-zero agenda that these are designed without having
a negative impact on the environment. We have demonstrated
that ZnO TFT arrays can be made using entirely biodegradable
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Fig. 9. (a) Electrical stability of the ZnO TFTs tested at room
temperature (R.T.), under 50°C and 70°C and in a PBS solution of pH
of 7.4 and 37°C. (b) Schematic of a resistive heater integrated into
the underside of the PHBv substrate. (c) Transient life, L(T), as a
function of temperature in a semi-logarithmic scale, based on Eq. 10.

(d) acceleration factor (Af). inset: fitting parameters of life versus
temnearatiira mndel

materials. The substrate used was PHBv, who surface was
modified to reduce the surface roughness by spin coating of a
PVAc layer. The gate, drain and source electrodes were
deposited by DC sputtering of molybdenum (Mo) film films.
Finally, ZnO was selected as the semiconductor layer. As such,
all materials used in the work have been proven to be
biodegradable from dissolution studies. The TFT performance
was quantified and we were able to measure an L,/Io ratio of
~4x10%, a Vg of ~2.3V and a field-effect mobility () in the
saturation region of 1.3 cm? V- s'!. After fabrication of devices,
applications were demonstrated as UV phototransistors and
simple logic circuits. The device achieved a UV sensitivity of
~10°, the demonstrated inverter achieved a maximum voltage
gain of 290 with a supply voltage of 9 V, and both NAND and
NOR gate circuits were well operated. We also proposed an
active transience approach to achieve a controlled degradation
of the device.
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