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ZnO nanowires based degradable
high-performance photodetectors for
eco-friendly green electronics

Bhavani Prasad Yalagala, Abhishek Singh Dahiya and
Ravinder Dahiyao*

Disposable devices designed for single and/or multiple reliable measurements over a short duration have attracted con-
siderable interest recently. However, these devices often use non-recyclable and non-biodegradable materials and
wasteful fabrication methods. Herein, we present ZnO nanowires (NWs) based degradable high-performance UV photo-
detectors (PDs) on flexible chitosan substrate. Systematic investigations reveal the presented device exhibits excellent
photo response, including high responsivity (55 A/W), superior specific detectivity (4x10' jones), and the highest gain
(8.5x10"%) among the reported state of the art biodegradable PDs. Further, the presented PDs display excellent mechan-
ical flexibility under wide range of bending conditions and thermal stability in the measured temperature range (5-50 °C).
The biodegradability studies performed on the device, in both deionized (DI) water (pH=6) and PBS solution (pH=7.4),
show fast degradability in DI water (20 mins) as compared to PBS (48 h). These results show the potential the presented
approach holds for green and cost-effective fabrication of wearable, and disposable sensing systems with reduced ad-
verse environmental impact.
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Introduction hygiene requirements. Motivated by these advantages,

Sensor laden wearable, conformable and smart systems
hold great promise for wide range of applications which
includes health monitoring'~, rehabilitation?, artificial
skin in robotics**’, environment monitoring'’, and In-
ternet of Things (IoT)!"'? etc. Often these applications,
require cost-effective disposable sensors for short-term
or single-shot measurements'>'*. For example, single use
sensors in wearables could help overcome the challenges
related to washability. Likewise, in health monitoring ap-

plications such disposable sensors could help address the

significant research efforts have been made for the devel-
opment of disposable sensors and transient electronics,
including flexible and/or stretchable form factors*'.
However, disposability does not necessarily mean biode-
gradability and this is where many of the reported
devices fall short of expectations and do not fully ad-
dress the growing issue of electronic waste'. Thus, more
innovations are needed in both green materials and
manufacturing techniques to develop eco-friendly dis-

posable sensors. Herein, we present high performance
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disposable photodetectors (PDs) for smart textiles hav-
ing no adverse impact after the end of use. Disposable
and flexible ultra-violet (UV) PDs are critical for harm-
ful UV detection’’"', wearable dosimetry???, secure
communication?®, health and environmental moni-
toring®!, and many other applications. Particularly, high
performance, conformal, and disposable PDs, as wear-
able patch, could be used to monitor exposure to UV ra-
diations, which could lead to nonmelanoma and melan-
oma skin cancers®. To this end, highly flexible and green
(biodegradable) materials-based devices are needed over
nonplanar surfaces such as clothes or skin for wearable
dosimetry. Devices with such features also come with ad-
ded benefit of alleviating the growing problem of elec-
tronic waste. Such wearable and disposable patches can
be used for real-time monitoring of UV radiation under
diverse environmental conditions such as mountaineer-
ing activities.

Owing to large surface to volume ratio, excellent
mechanical strength, efficient charge transport and abil-
ity to form heterostructures, the one-dimensional (1D)
nanowires (NWs), and 2D materials such as graphene
have gained immense interest as active UV sensing ma-
terials for low-cost flexible UV PDs. Among these the
ZnO nanostructures are most studied and used in differ-
ent device architectures/configurations'*-%, due to dis-
tinct advantages they offer over the other 1D materials,
including (i) cost-effective synthesis methods, (ii) multi-
functional properties (e.g. semiconducting, energy har-
vesting etc.), (iii) environmental friendliness, and (iv)
biocompatibility and biodegradability-32. However,
most of the reported ZnO NW based UV PDs, so far,
have been realized on non-biodegradable and/or non-re-
cyclable substrates. The high-performance ZnO NWs
based PDs demonstrated here have been developed on
fully biodegradable chitosan substrates (Fig. 1). The sens-
ing and substrate materials are carefully selected so that
the device could harmlessly degrade in water during
washing of sensors-integrated clothes. Among wide vari-
ety of natural, abundant, and eco-friendly biomaterials
(e.g., silk, collagen, cellulose, keratin, egg albumin,
chitosan etc.>*%), chitosan has been selected as a sub-
strate due to its chemical stability, good optical transpar-
ency, greater mechanical flexibility, and excellent biode-
gradability'***¥. Further, the fabrication steps used for
presented devices are eco-friendly, scalable, and re-
source efficient. These include synthesis of chitosan
based green substrates, spray coating of ZnO NWs, and

screen printing to realize electrodes. Systematic UV pho-
todetection studies, performed under wide range of light
intensities (0.1 uW/cm? to 2 uW/cm?) and bias voltages,
show excellent response of developed devices. These in-
clude good responsivity 55 A/W, excellent detectivity
4x10" jones, higher gain 8.5x10Y, good external
quantum efficiency 10% linear dynamic range of 72 dB,
and fast response (0.7 s) and recovery (0.8 s) time. Fur-
ther, the PDs showed stable and robust performance un-
der different bending (10-40 mm) and thermal range
(5-50 °C) of UV sensing measurements. These systemat-
ic investigations show that the presented devices meet
the unique “5S” (sensitivity, selectivity, stability, signal-
to-noise ratio, and response speed)*** requirement for
many applications. Finally, the biodegradability tests re-
veal that the presented device can degrade and dissolve
in DI water and PBS in less than 20 min and 48 h

respectively.

Results and discussions

The flexible and biodegradable chitosan films were pre-
pared using the conventional spin coating process fol-
lowed by drying on a hotplate at 40 °C for approxim-
ately 10 h. The as prepared films were then explored as a
substrate for the fabrication of the UV PDs. Next, screen
printing was utilized to print silver electrodes over two
ends of the NW-network film formed by spray-coating
technique®. Screen printing was employed owing to its
excellent attributes such as resource-efficiency, substrate
independent patterning, compatibility with large area
manufacturing, and the potential for low-cost
operation**2, The details of the fabrication process are
provided in the experimental section. The thin chitosan
films show excellent flexibility and good optical transpar-
ency (>80% at 550 nm) which is confirmed from the
transmittance plot depicted in Fig. 2(a). Further, to de-
termine the optical energy band gap (E;) of the ZnO
NWs, UV- visible spectroscopy measurements were
performed.

Figure 2(b) shows the absorption spectra of the ZnO
NWs with a maximum absorption peak located at 375
nm, and the inset plot shows the taucs plot showing the
calculated band gap energy. The optical band gap of the
ZnO NW was calculated using the taucs equation stated
as below:

(ahv) = K(hv — E,)" , (1)

where « is the molar extinction constant, hv is the energy,
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Fig. 1 | Schematic showing the concept of biodegradable and disposable UV photodetectors for smart textiles leaving no toxic

residues.

K is a constant, the value of n is considered as 0.5 for the
direct band gap materials and the slope of the plot (ehv)?
vs (hv) gives the direct band gap of the ZnO NWs. The
calculated band gap energy of the material (3.3 eV)
matches well with the previously reported values of ZnO
NWs®. To further examine the structural properties,
XRD was performed on the ZnO NWs (Fig. S1). The dif-
fraction peaks at 260 angles of 32.5°, 34.3°, 37.1°, 48.5°,
57°, 63.6° 68.9°, and 81.2° correspond to the crystal
planes of (100), (002), (101), (102), (110), (103), (112),
and (104), respectively. The obtained XRD peaks con-
firm the highly crystalline of ZnO NWs, which matches
well with the literature. The high intensity diffraction

peak at 25° corresponds to the substrate. Figure 2(c-d)
show the low and high magnification images of ZnO
NWs. There are no impurities present. Further, the cal-
culated average length and diameter of the NWs were
~10 pm and ~175 nm, respectively (Fig. S2(a-b)). The
spray coated ZnO NW-network is expected to have a
strong adhesion strength with the chitosan®, and exhibit
high porosity which helps during the adsorption and de-
sorption of oxygen anions during UV detection.

The UV photo response of the fabricated PDs was
measured under 365 nm wavelength UV light source and
characterization results are shown in Fig. 3. The long
duration exposure of the high intensity UV light
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Fig. 2 | UV-visible spectroscopy studies. (a) Transmittance plot of chitosan with the optical image of the prepared chitosan film, and (b) ab-
sorbance plot of the ZnO NW with the inset showing the taucs plot with the calculated band gap. (c¢) Low and (d) high magnification SEM images

of ZnO NWs.

(A=365 nm) on skin or eyes causes severe skin allergies
and carotenal damage and hence the detection of that
wavelength is important. Schematic representation of the
fabricated ZnO NW based printed PDs is shown in Fig.
3(a). Figure 3(b) shows the absolute current-voltage (I-
V) plot of the PD under both dark and UV illumination
at different intensities (0.1 to 2 yW/cm?) for an applied
voltage bias ranging from -5V to +5 V. The results in-
dicate that the device exhibits characteristics of a typical
back-to-back symmetrical Schottky contacts®. This is be-
cause silver metal is expected to form Schottky contacts
with the lightly doped semiconducting ZnO NWs. Fur-
ther, significant enhancement in device current was ob-
served with an increase in UV power intensity. The I-V
characteristic is shown in the supporting information
Fig. S3. Next, the systematic studies related to photo re-
sponse characteristics were performed under different
power intensities and various bias voltages. Figure 3(c)
shows the time-dependent UV response characteristics
of the device under different power intensities for differ-
ent bias voltages (1 V-5 V with the step of 1 V). The

photo current increases from 1 nA under dark condi-
tions to 4 pA in the presence of UV light at a power in-
tensity of 2 yW/cm? and applied bias voltage of 5 V. Un-
der these conditions the device shows excellent photo re-
sponse characteristics with a high Iphoto/Idark ratio of
4x10°. The device exhibits a linear increment in current
for different intensities showing repeatable and stable
device performance. Furthermore, it can be clearly seen
that the photo current gradually increases with the bias
voltage varying from 1 to 5 V.

The temporal photo response characteristics of PDs
were obtained by applying different power intensities
from 0.1 to 1.1 yW/cm? with a power interval of 0.1
uW/cm? as shown in Fig. 3(d). The obtained results re-
veal that the current gradually increases from 1 nA to 2
1A for different power intensities, which further demon-
strates the linear incremental response of the device. The
cyclic repeatability of the fabricated device was tested for
10 cycles under a constant applied bias of 5 V at an illu-
minated light intensity of 2 pW/cm? which exhibits a
uniform and stable cyclic behavior (Fig. 3(e)). Linear
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Fig. 3| ZnO NWs based printed PD and electrical characterization results. (a) Schematic of the fabricated device. (b) Absolute current vs

voltage plot. (c) Light illuminated temporal response characteristics at different bias voltages (1-5 V) under different UV illumination intensities.

(d) Stepwise incremental response under different light intensities from 0.1 to 1.1 yW/cm?2. (e) Cyclic stability, and (f) linear dynamic response

plot under different illumination intensities.

dynamic range (LDR), defined as the linear dependance
of the photo current on the light intensities, is one of the
important parameters of the PDs which can be analyzed

using the Eq. (2) below?":

LDR = 20log (l P‘“’“’) : )

dark
where Jpnoto» Jaak are the current densities under light illu-
minated and non-illuminated conditions. The LDR plot
of ZnO NWs based PD under different UV light intensit-

ies and different voltage bias are shown in Fig. 3(f).
These results show a maximum LDR value of 72 dB
which is comparable with the previously reported ZnO
based PDs?. Besides, the device is tested under visible
and infrared (IR) light with different intensities and no
response in these conditions suggests excellent selectiv-
ity to UV illumination.

The fabricated PD devices were further evaluated in

terms of photoresponsivity (R), specific detectivity (D*),
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external quantum efficiency (EQE) and gain etc. using
the response current, photon flux, and illuminated optic-
al power. This quantitative analysis is given in Fig. 4. The
R and D* are the two major important performance
parameters of the PDs as they mainly determine the
sensitivity of the device. R is the ratio of the response

current to the incident power which is obtained as*:

Ihoo
R=3=, 3)

where Ip,, is the photo current and Pj, is the incident

Hso
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light power per unit area. The calculated responsivity at
an illuminated wavelength of 365 nm under different bi-
as voltages from 1 to 5 V and multiple power intensities
is depicted in Fig. 4(a). The device provides excellent R
>55 A/W. Further, the PD showed response to low UV
intensity of 0.1 pW/cm?, suggesting the capability to de-
tect lower power intensities. Such a high responsivity at
low UV intensity could be attributed to the use of high-
quality, high aspect ratio, and large number of NWs in

the sensing channel'**. Moreover, it is observed that

>
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Fig. 4 | (a) Responsivity. (b) Detectivity. (c) External quantum efficiency. (d) Response and recovery time. (e) Current on/off ratio. (f) Photocon-

ductive gain of the photodetector at different bias voltages varying from 1 V to 5 V under different light intensities.
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higher responsivity was attained at larger bias voltage
and higher applied power intensities owing to the larger
generation of e-h pairs. D* is one of the vital figures of
merit of the PD which is closely related with the different
noise currents and R of the device and is calculated as?*:

pr—___R @)
(2 X q X Jaari))

where J4, is the dark current density and g is the charge
of the electron. As per Eq. (4), higher R and lower dark
current densities are needed to achieve high detectivities.
The calculated D* values under different illuminated
power at multiple applied bias voltages are shown in Fig.
4(b). The ZnO NW-based device exhibits high D* value
of 4x10' Jones at an applied bias voltage of 5 V, owing to
the high responsivity and very lower dark currents. The
obtained high R and D* values could be attributed to the
presence of multiple blocking contact points by forming
multiple barriers at the NW-NW interface resulting in
the lower device dark currents. The high-performance
PDs especially with higher R and D* are very much
needed for the detection of low intensity optical power
signals useful in some of the biomedical applications®.
Next, the external quantum efficiency (EQE), which is
the reciprocal of the noise equivalent power, was calcu-
lated as*:

EQE = R x

x 100 (%) , (5)

incident

where Aipcigent 1S the wavelength of the incident light. Fig-
ure 4(c) shows the EQE of the NW-based PD at different
UV intensities from 0.1 to 2 pW/cm? operated at a bias
voltage ranging from 1 to 5 V in steps of 1 V. The fabric-
ated device exhibits a good EQE even at lower power in-
tensities and an increasing trend with the increase in the
operating voltage similar of responsivity. A maximum of
1x10* EQE (%) was exhibited under the illuminated
power intensity of 0.3 uW/cm? at an applied bias voltage
of 5V.

https://doi.org/10.29026/0ea.2023.220020

A faster response is needed along with the stable
sensor performance. The measured response time (fres)
and recovery time (trc) are shown in Fig. 4(d). The
device rises quickly in a short t.es 0of 0.7 s and then de-
cays trec quickly within 0.8 s. The fyes and tec here repres-
ent the time difference between the 10% of the saturated
photo response current to the 90% and vice versa. The
response/recovery times are faster than most of the pre-
vious works (Table 1), but also slightly slower than some
of these. The slow response could be attributed to the
presence of surface defects in ZnO NWs. Passivation
techniques could be explored in future to have a faster
photo response from the PD device**. The sensitivity of
the PD is the measure of the ratio between the photo re-
sponse current to the dark current. The on/off ratio of
the device at various illuminated UV power intensities
under different bias voltage is shown in Fig. 4(e). The
device exhibits higher current on/off due to the stable
and lower dark current values which are in the order few
hundred of picoamperes. Besides, R and D*, the photo-
conductive gain (G) is other important parameter and is
defined as the ratio of number of the charge carriers (N.)
collected at electrodes to the number of incident photons
(Np) in the device active area. It can be obtained as*:

Gf % _ (IPhoto th)
N, (AxgxP,)’

(6)
where Iy, is the net photo response current, hv is the
energy of the photon, A is the active area of the device,
P, is the incident power. The calculated gain values are
presented in Fig. 4(f), and the device exhibits a maxim-
um gain of = 85x10! at an incident power of 0.3
uW/cm? and at a lower bias voltage of 1 V. This is the
highest among the reported state of the art PDs based on
ZnO NWs. The higher gain of the as fabricated device is
primarily owing to the longer carrier lifetime of the pho-
togenerated carriers in the NWs as compared to the

transit times during the transport between the electrodes.

Table 1 | State of the art comparison for ZnO NW based PDs.

S. No tres/trec (S€C) R (A/W) D*(Jones) Current on/off ratio EQE (%) Biodegradable Flexible Ref.
1 0.2/0.1 54 - 5x10° - No Yes ref.19
2 0.56/0.32 7.5%108 3.4x10"7 ~106 - No Yes refizs
3 0.7/2.95 0.25 1.2x10" 0.08 81.53 No No ref.48
4 5.37/6.02 0.20 2.17%x10° ~1.2x10? - No No ref.5!
5 - 0.056 1.28%x10° 30 19 No No ref.?!
6 0.23/0.28 8.76 - 250 - No No ref.?
7 0.7/0.8 55 4x10™ 2.5x10° 104 Yes Yes This work

220020-7
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With such a high gain PD it is possible to detect even a
small intensity optical signal. Further, a decreasing trend
in the gain with bias voltage was observed, which
matches well with the literature'. The high-performing
PDs especially higher gain, responsivity and detectivity
are useful in biomedical applications to detect very weak
signals. Table 1 shows the comparison of our device with
other ZnO NWs based UV PDs.

The obtained high PD performance is explained using
the schematics and energy band diagram shown in Fig. 5.
The UV sensing mechanism for ZnO NW based PDs is
well documented in the literature. It is known that the
point defects near the NW surface play a critical role in
the UV sensing. The oxygen molecules present in the at-
mosphere get adsorbed onto these defect sites resulting
in forming a depletion region owing to the capture of
free electrons (Oy+e~ — O37), as illustrated with a blue
line in Fig. 5. The as formed depletion region creates an
internal electric field in the radial direction, due to the
overall band bending at the metal-semiconductor (MS)

Adsorption of O,

Ag Ag

ZnO NW

e -h* pair generation

hv

interface. When illuminated with UV light greater than
the bandgap of the ZnO NWs, electron-hole (e-h) pairs
are generated. The photogenerated e-h pairs get separ-
ated due to the internal electric field and transported to
the electrodes (Fig. 5). The generated radial field helps in
suppression of photocarrier recombination and dramat-
ically prolonged carrier lifetimes. Meanwhile, the ad-
sorbed oxygen anions get resorbed by combining with
the generated holes and thus, increase in the concentra-
tion of free electrons in the channel. This results in the
decrease of MS barrier width (effective barrier height)
and an overall enhancement of drain current. However,
in the present case, the observed high device perform-
ance can be correlated to the additional energy barriers
(current ‘blocking’ points) present at the NW-NW junc-
tions. For a single NW based PD device, the dark cur-
rent is usually higher because of the difficulties in realiz-
ing high-quality Schottky contacts. This is due to the ex-
cess charge carriers present in the NW because of the
thermal activation at room temperature. Higher dark

Depletion layer

0, O,

\/

ZnO NW

Ag Ag

Desorption of O,

UV light

O, o,

-/
e 6000
@ ZnO NW

Ag Ag

Fig. 5 | Schematic representation of UV sensing under dark, explaining adsorption of oxygen from ambient air and formation of deple-

tion layer and under illumination condition the electron-hole pair generation followed by the physical desorption and sensing mechan-

ism explained with the help of energy band diagram for Ag/ZnO/Ag photodetector device.
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current limits the current on/off ratio and detectivity of
the PD devices. In comparison to this, in the present
device, there exist large number of NW-NW junctions
between the two Schottky contacts. These NW-NW
junctions serve as extra potential barriers for carrier
transport under dark condition and introduce addition-
al band-edge modulation along axial direction of the
sensing channel®® (Fig. 5). Consequently, the dark cur-
rent of the printed PDs can be largely suppressed. The
temperature dependent measurements (Fig. S4) were
performed to extract the activation energy of the device,
which includes potential energy at back-to-back metal-
semiconductor (MS) contacts and barrier energy which
exists between various NW-NW connecting sites. The
activation barrier energy of the device is extracted from
the Arrhenius plot which comes to be 0.4 eV. When illu-
minated with the UV light, the generated excess charge
carriers in the NWs lead to the lowered barrier potential
energy at the NW-NW junctions. Because of these simul-
taneous physical phenomena, there is large reduction of
the channel resistance and thus, the PD device demon-
strates a high current gain.

Biodegradable sensors could easily collapse under dif-
ferent types of stress/strain including heat, mechanical
bending etc. Besides, wearable sensors should demon-
strate stable device response under wide temperature
range as ambient temperature could vary depending on
seasons/geography. Accordingly, a systematic temperat-
ure dependent photo response study of the ZnO NW
based PDs devices was performed and the resulting per-
formance is shown in Fig. 6. The photo response charac-
teristics of the fabricated PD under illuminated light in-
tensities of 0.1, 0.5, 1, 1.5, 2 uW/cm? at different temper-
atures (15 to 45 °C with a step of 10 °C) is performed
(Fig. S5). The results indicate a good thermally stable be-
havior under different temperatures. As expected, the
dark current increases with an increase in temperature.
This is because charge carriers acquire adequately higher
kinetic energy with an increase in the temperature to
overcome the potential barrier and thus, thermionic
emission current increases®. On the other hand, the
photo current (under UV illumination) showed negli-
gible enhancement. This could be understood as follows:
Increasing the temperature leads to increased thermal vi-
brations, resulting in the increase in scattering events
(acoustic phonon assisted and Coulombic) as well. This
will lead to decrease of electron mobility and degrade the
quality of charge transport and thus reduction in the

https://doi.org/10.29026/0ea.2023.220020

device current. However, as mentioned earlier, there is
also enhancement in the thermionic current with the
temperature increase. Therefore, the trade-off between
these two distinct phenomena defines the output current
to increase or decrease under different illumination con-
ditions. The R (Fig. 6(a)), EQE (Fig. 6(b)) and G (Fig.
6(c)) show negligible increase with the temperature
change. This is because these parameters are proportion-
al to the device on-current. As the illumination current
remains almost constant with the temperature increase,
there is no degradation of these performance parameters.
However, the D* (Fig. 6(d)), current on/off ratio (Fig.
6(e)) and LDR (Fig. 6(f)) of the device showed slight de-
crease with the temperature increase. This is due to their
dependence on the device dark current (under no UV il-
lumination). D* is inversely proportional with the dark
current. As discussed above, under no UV, the dark cur-
rent increases due to an increase in the thermionic cur-
rent component and therefore, D* decreases. Likewise,
the slight degradation of the Ioy/off ratio and LDR is due
to the increase in the dark current of the device with in-
creasing temperature.

To understand the mechanical robustness of the fab-
ricated device, bending studies were performed under
three different bending radii: 40 mm, 20 mm, 10 mm at a
constantly applied power intensity of 0.5 uW/cm? and
the results are shown in Fig. 7(a, b and c), respectively.
Robust PD performance can be observed from this set of
data. To further understand the effect of bending on the
device performance, all the performance metrics were
calculated and compared with the device under flat con-
dition. Here, 180 mm is considered as the device under
flat condition for comparison. Figure 7(d) shows the
comparison plot of R (left) and D* (right) y-axis under
different concave bending radius: 40 mm, 20 mm, 10
mm and flat condition. The data shown indicate that R
values slightly increase with the decrease in bending ra-
dius. One possible reason for an increase in the R is the
strong NW-NW interactions resulting in the reduction
of contact or junction resistance at the interface’. The
reduction in the junction resistance might slightly affect
the conductivity of ZnO NW’s network and hence lead
to a slight increase in the photo response current. The
device exhibits similar trend in the D* values primarily
due to the directly proportional relationship with the
photo response current. A plot displaying the comparis-
on of the G (left) and LDR (right) calculated at a con-
stant illuminated power intensity of 0.5 pW/cm? is
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Fig. 6 | Temperature dependent performance stability data for ZnO NW printed PDs: (a) responsivity, (b) external quantum efficiency, (c) photo-

conductive gain, (d) detectivity, (e) on/off ratio, and (f) linear dynamic range of the device under different UV intensities.

shown in Fig. 7(e). The obtained results show there is a
slight increase in both G and LDR of the PD. This is ow-
ing to the slight increase in the photo response current.
Figure 7(f) shows the current on/off ratio and EQE (%)
of the fabricated ZnO NW based PD under different
bending radius and flat condition. The device exhibits a
meagre variation in both the on/off ratio and EQE, thus
demonstrating its excellent stability and mechanical ro-
bustness under bending conditions.

The biodegradability study was also performed on the
as prepared ZnO NW-based PDs in both deionized (DI)

water and phosphate buffered saline (PBS) solution with
pH of 7.4, as shown in Fig. 8. The biodegradation studies
should be performed in accordance with the existing
standards for plastics degradation®. In the present work,
the degradation measurements were performed in ambi-
ent environment at room temperature. Figure 8(a) to
8(e) show the optical images of the device in DI water
after 3 s, 1 min, 5 mins, 10 mins, and 20 mins, respect-
ively. When the device is immersed in DI water, the
chitosan substrate (due to its excellent hydrophilic

nature) quickly absorbs the water in few seconds and
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ent bending radius (note that 180° was considered as the device under flat condition).

swells, as can be seen from the Fig. 8(b). Afterwards, the
device gets physically disintegrated due to the easily
breakable glycosidic bonds present in the polysaccharide
of chitosan. Next, the several functional groups in the
chitosan such as hydroxyl, amino, carbonyl, amido etc.
react with DI water and degrade to produce a non-toxic
oligosaccharide, which are further converted to the non-
toxic glycoproteins®. From the dissolution experiments,
it was observed that the device completely gets dissolved
in DI water in less than 20 mins with some minor traces
of silver electrodes left floating and the NWs were com-

pletely dispersed in the DI water, as shown in Fig. 8(f).

Although, silver is not biodegradable its excellent con-
ductivity, biocompatibility and antibacterial property
made it as an good starting material for exploration of
different electronic applications and for future work it
can be effectively replaced with some of the biodegrad-
able metals such as zinc or magnesium*®. A low molecu-
lar weight chitosan was chosen here for the preparation
of the biodegradable substrate owing to its higher de-
gradation rate in aqueous medium as compared to its
higher molecular weight>>*". Although the silver nano-
particles are not biodegradable, silver exhibit biocompat-

ibility, antibacterial properties and the screen-printed
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Fig. 8 | Biodegradability test of as fabricated device showing periodic degradability at different times in DI water. (a) 3 s showing absorp-

tion of water due to hydrophilic nature of chitosan. (b) Swelling of the chitosan after 60 s. (c) Physical disintegration after 5 min. (d) 80% of the

device dissolved and (e) complete dissolution with only non-toxic screen-printed silver traces after 20 min. The outcome of dissolution tests re-
peated in PBS (pH=7.4) (f) after 10 s, (g) 10 min, (h) 30 min and (i) after an hour showing slight physical disruption of the device.

approach reduces the overall cost of the device fabrica-
tion as compared to the traditional physical vapor depos-
ition methods®. Due to their excellent antibacterial and
antimicrobial properties, silver nanoparticles have been
explored recently for different biological applications
such as wound healing, drug delivery, and smart
bandages™.

The device degradation study was also conducted in
PBS solution and the results are shown in Fig. 8(f-i) for
distinct times — 10 s, 10 min, 30 min, and 60 min respect-
ively. The PBS was chosen here because it is a balanced
salt, a good biofluid and pH value can be maintained at
7.4 to match with the properties of the biofluids. The de-

gradation rates of device in the PBS solution (pH=7.4)
were lower as compared to the DI water (pH=6) under
the same condition, primarily due to the difference in the
pH values. Generally, the solubility of the chitosan is
higher in weak and/or diluted weak acids such as acetic
acid. In fact, the dissolution rate is mainly governed by
the presence of amino groups which exhibits strong ba-
sic nature and easily gets converted to a polyelectrolyte
when the amino groups get protonated. As a result,
chitosan dissolves quickly in aqueous acid mixtures and
the solubility rate reduces for slightly basic medium i.e.,
for pH values > 7°°. Similar trend was seen here (Fig.
8(i)) from the experiments as the device slightly got
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physically disintegrated after 60 min. The device got
completely dissolved after 2 days at room temperature.

It is important to highlight that the demonstrated PD
devices are categorized into partially biodegradable. The
substrate (chitosan) and active sensing layer (ZnO NWs),
which constitute most of the device weight, are non-tox-
ic, environment-friendly green materials***. However,
the PD device also comprises of non-biodegradable prin-
ted silver. The toxicity and biodistribution studies for Ag
nanoparticles (NPs) are being investigated with various
routes®’. Presently, there is lack of information in the risk
assessment of the Ag in the form of NPs both for hu-
mans and the environment. The hydrometallurgical
treatments on extracted silver particles could be used to
recycle most of the disintegrated silver and enhance the
circularity in electronics®. Further, based on the biode-
gradability studies, it can be argued that moisture and/or
sweat could affect the PD performance and thus, the
device may not be effective for wearable applications.
However, such issues can be overcome by suitable pack-
aging. For example, by applying nanocoating of materi-
als such as perylene. Highly conformal perylene coatings
can be deposited at room temperature. It has low per-
meability to moisture and is also biocompatible®. The
conformal thin coatings at the back side of the device
substrate can resist water and body sweat, protecting the
photodetector function and performance during wear-
able applications.

Conclusion

In summary, we have reported high-performance biode-
gradable UV PDs developed using green materials and
fabrication process. The UV PD demonstrates excellent
and repeatable photo response under different bias
voltages with a high responsivity (55 A/W), superior de-
tectivity (4x10'), and higher gain (8.5x10'). The high
performance of presented degradable PDs can be attrib-
uted to the presence of multiple energy barriers because
of multiple NW-NW junctions, which act as extra block-
ing contact sites for electrons. The temperature depend-
ent measurements showed the activation energy (0.4 eV)
of the device is high enough to reduce the device dark
current. The PD also showed stable and robust perform-
ance under thermal and mechanical stress. This is
needed for accurate and reliable measurements in the
case of wearable applications where body movements
(strain) and changes in ambient temperature could lower
the PD performance. Finally, biodegradability studies
were performed in both DI water and PBS which showed

biodegradation as fast as 20 mins. Thus, the simple, and
resource efficient approach presented for the fabrication
high performance disposable PDs could also reduce the
adverse environment impacts of electronics fabrication
and disposal.

Experimental section

Materials

The ZnO NWs were purchased from the Novarials Cor-
poration. 2-proponal (>99% pure), chitosan (low mo-
lecular weight), and acetic acid (>99% pure) were pur-
chased from the sigma Aldrich. The silver conductive
paste was purchased from sun chemicals.

Preparation of chitosan thin films

The 4 wt.% of low molecular weight chitosan powder was
mixed in 1% v/v of acetic acid in DI water and stirred for
approximately 24 hours. The solution was casted in a
polystyrene petri dish and kept at the room temperature
for 24 hours to allow formation of moderately thin films.
The dried films were used as a flexible substrate for the

fabrication of the device.

Fabrication of screen-printed electrodes

Silver electrodes was printed using the Screen Printer
C920 from AUREL Automation. A constant force of 25
N was applied on the 15 cm long squeeze with less than 1
mm distance between the squeeze and the screen. After-
wards, the process was repeated twice, and the samples
were sintered at 60° in an oven for an hour to remove the
solvent. Sheet resistance (~2 )/sq) was measured using
Osilla four-point probe measurement setup.

Material characterization: The transparency of
chitosan thin film and the absorbance of the ZnO NW
were measured using shimadzu 2600 UV spectrometer
for a spectral range of 200 nm - 900 nm. The X-ray Dif-
fraction (XRD) studies were performed using the PAN
analytical Xpert pro varying from 200 nm to 900 nm.
Scanning electron microscopy (SEM) was carried out us-
ing the FEI nova SEM MPD diffractometer Cu Ka radi-
ation (A = 1.54059 A(1 A=0.1 nm)) over the 26 range of
10°-60° with steps of 0.05°.

Photodetector device fabrication and
characterization

The device was fabricated using spray coating ZnO NWs
on the electrodes screen-printed on flexible chitosan
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substrate and the active area of the device is 0.03 mm?.

The active sensing area is calculated according to the di-

mensions of the screen-printed electrode (L (150 yum) X
W (200 pum)). A commercial UV LED of wavelength
(A=365 nm) was used for the photo illumination studies
and the light intensity of 0.1-2.1 yW/cm?.

References

1.

10.

11.

12.

13.

14.

15.

16.

Dahiya AS, Thireau J, Boudaden J, Lal S, Gulzar U et al. Re-
view—energy autonomous wearable sensors for smart health-
care: a review. J Electrochem Soc 167, 037516 (2019).

Nufez CG, Navaraj WT, Polat EO, Dahiya R. Energy-autonom-
ous, flexible, and transparent tactile skin. Adv Funct Mater 27,
1606287 (2017).

Igbal SMA, Mahgoub |, Du E, Leavitt MA, Asghar W. Advances
in healthcare wearable devices. npj Flex Electron 5, 9 (2021).
Ozioko O, Dahiya R. Smart tactile gloves for haptic interaction,
communication, and rehabilitation. Adv Intell Syst 4, 2100091
(2022).

Ozioko O, Karipoth P, Escobedo P, Ntagios M, Pullanchiyodan
A et al. SensAct: the soft and squishy tactile sensor with integ-
rated flexible actuator. Adv Intell Syst 3, 1900145 (2021).
Karipoth P, Christou A, Pullanchiyodan A, Dahiya R. Bioin-
spired inchworm - and earthworm - like soft robots with intrins-
ic strain sensing. Adv Intell Syst 4, 2100092 (2022).

Zhang Y, Peng MF, Liu YN, Zhang TT, Zhu QQ et al. Flexible
self-powered real-time ultraviolet photodetector by coupling tri-
boelectric and photoelectric effects. ACS Appl Mater Interfaces
12, 19384-19392 (2020).

Nikbakhtnasrabadi F, El Matbouly H, Ntagios M, Dahiya R. Tex-
tile-based stretchable microstrip antenna with intrinsic strain
sensing. ACS Appl Electron Mater 3, 2233—-2246 (2021).
Bhattacharjee M, Nikbakhtnasrabadi F, Dahiya R. Printed chip-
less antenna as flexible temperature sensor. |[EEE Internet
Things J 8, 5101-5110 (2021).

Dincer C, Bruch R, Costa-Rama E, Fernandez-Abedul MT,
Merkogi A et al. Disposable sensors in diagnostics, food, and
environmental monitoring. Adv Mater 31, 1806739 (2019).
Escobedo P, Bhattacharjee M, Nikbakhtnasrabadi F, Dahiya R.
Flexible strain and temperature sensing NFC tag for smart food
packaging applications. IEEE Sens J 21, 26406-26414 (2021).
Escobedo P, Bhattacharjee M, Nikbakhtnasrabadi F, Dahiya R.
Smart bandage with wireless strain and temperature sensors
and batteryless NFC tag. /EEE Internet Things J 8, 5093-5100
(2021).

Duarte K, Justino CIL, Freitas AC, Gomes AMP, Duarte AC et
al. Disposable sensors for environmental monitoring of lead,
cadmium and mercury. TrAC Trends Anal Chem 64, 183—190
(2015).

Kafi A, Paul A, Vilouras A, Dahiya R. Mesoporous chitosan
based conformable and resorbable biostrip for dopamine detec-
tion. Biosens Bioelectron 147, 111781 (2020).

Ha M, Lim S, Ko H. Wearable and flexible sensors for user-in-
teractive health-monitoring devices. J Mater Chem B 6,
4043-4064 (2018).

Andeobu L, Wibowo S, Grandhi S. An assessment of e-waste
generation and environmental management of selected coun-
tries in Africa, Europe and North America: a systematic review.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

220020-14

https://doi.org/10.29026/0ea.2023.220020

Sci Total Environ 792, 148078 (2021).

Tak BR, Yang MM, Lai YH, Chu YH, Alexe M et al. Photovoltaic
and flexible deep ultraviolet wavelength detector based on nov-
el B-Gaz03/muscovite heteroepitaxy. Sci Rep 10, 16098 (2020).
Jeon CW, Lee SS, Park IK. Flexible visible-blind ultraviolet pho-
todetectors based on ZnAl-layered double hydroxide nanosheet
scroll. ACS Appl Mater Interfaces 11, 35138-35145 (2019).
Kumaresan Y, Min GB, Dahiya AS, Ejaz A, Shakthivel D et al.
Kirigami and mogul-patterned ultra-stretchable high-perform-
ance ZnO nanowires-based photodetector. Adv Mater Technol
7, 2100804 (2022).

Nufiez CG, Vilouras A, Navaraj WT, Liu FY, Dahiya R. ZnO
nanowires-based flexible UV photodetector system for wear-
able dosimetry. IEEE Sens J 18, 7881-7888 (2018).

Ali GM, Chakrabarti P. ZnO-based interdigitated MSM and MIS-
IM ultraviolet photodetectors. J Phys D Appl Phys 43, 415103
(2010).

Christou A, Liu FY, Dahiya R. Development of a highly con-
trolled system for large-area, directional printing of quasi-1D
nanomaterials. Microsyst Nanoeng 7, 82 (2021).

Kumar M, Park JY, Seo H. High-performance and self-powered
alternating current ultraviolet photodetector for digital commu-
nication. ACS Appl Mater Interfaces 13, 12241-12249 (2021).
Qiu MJ, Sun P, Liu YJ, Huang QT, Zhao CX et al. Visualized UV
photodetectors based on prussian blue/TiOz for smart irradi-
ation monitoring application. Adv Mater Technol 3, 1700288
(2018).

Moehrle M, Dennenmoser B, Garbe C. Continuous long-term
monitoring of UV radiation in professional mountain guides re-
veals extremely high exposure. Int J Cancer 103, 775-778
(2003).

Young SJ, Liu YH, Shiblee MDNI, Ahmed K, Lai LT et al. Flex-
ible ultraviolet photodetectors based on one-dimensional galli-
um-doped zinc oxide nanostructures. ACS Appl Electron Mater
2, 3522-3529 (2020).

Chen LB, Xue F, Li XH, Huang X, Wang LF et al. Strain-gated
field effect transistor of a MoS2-ZnO 2D-1D hybrid structure.
ACS Nano 10, 1546-1551 (2016).

Liu X, Gu LL, Zhang QP, Wu JY, Long YZ et al. All-printable
band-edge modulated ZnO nanowire photodetectors with ultra-
high detectivity. Nat Commun 5, 4007 (2014).

Shakthivel D, Dahiya AS, Mukherjee R, Dahiya R. Inorganic
semiconducting nanowires for green energy solutions. Curr
Opin Chem Eng 34, 100753 (2021).

Shakthivel D, Ahmad M, Alenezi MR, Dahiya R, Silva SRP. 1D
Semiconducting Nanostructures for Flexible and Large-Area
Electronics: Growth Mechanisms and Suitability (Cambridge
University Press, Cambridge, 2019).

Oshman C, Opoku C, Dahiya AS, Alquier D, Camara N et al.
Measurement of spurious voltages in ZnO piezoelectric nano-
generators. J Microelectromech Syst 25, 533-541 (2016).
Sarkar L, Yelagala BP, Singh SG, Vanjari SRK. Electrodepos-
ition as a facile way for the preparation of piezoelectric ultrathin
silk film—based flexible nanogenerators. Int J Energy Res 46,
3443-3457 (2022).

La Mattina AA, Mariani S, Barillaro G. Bioresorbable materials
on the rise: from electronic components and physical sensors to
in vivo monitoring systems. Adv Sci (Weinh) 7, 1902872 (2020).
Hosseini ES, Dervin S, Ganguly P, Dahiya R. Biodegradable
materials for sustainable health monitoring devices. ACS Appl


https://doi.org/10.1002/adfm.201606287
https://doi.org/10.1038/s41528-021-00107-x
https://doi.org/10.1002/aisy.202100091
https://doi.org/10.1002/aisy.201900145
https://doi.org/10.1002/aisy.202100092
https://doi.org/10.1021/acsami.9b22572
https://doi.org/10.1021/acsaelm.1c00179
https://doi.org/10.1109/JIOT.2021.3051467
https://doi.org/10.1109/JIOT.2021.3051467
https://doi.org/10.1109/JSEN.2021.3100876
https://doi.org/10.1109/JIOT.2020.3048282
https://doi.org/10.1016/j.trac.2014.07.006
https://doi.org/10.1016/j.bios.2019.111781
https://doi.org/10.1039/C8TB01063C
https://doi.org/10.1016/j.scitotenv.2021.148078
https://doi.org/10.1038/s41598-020-73112-1
https://doi.org/10.1021/acsami.9b12082
https://doi.org/10.1002/admt.202100804
https://doi.org/10.1109/JSEN.2018.2853762
https://doi.org/10.1088/0022-3727/43/41/415103
https://doi.org/10.1038/s41378-021-00314-6
https://doi.org/10.1021/acsami.1c00698
https://doi.org/10.1002/admt.201700288
https://doi.org/10.1002/ijc.10884
https://doi.org/10.1021/acsaelm.0c00556
https://doi.org/10.1021/acsnano.5b07121
https://doi.org/10.1038/ncomms5007
https://doi.org/10.1016/j.coche.2021.100753
https://doi.org/10.1016/j.coche.2021.100753
https://doi.org/10.1109/JMEMS.2016.2538206
https://doi.org/10.1002/er.7393
https://doi.org/10.1002/advs.201902872
https://doi.org/10.1021/acsabm.0c01139

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yalagala BP et al. Opto-Electron Adv 6, 220020 (2023)

Bio Mater 4, 163-194 (2021).

Gunapu DVSK, Prasad YB, Mudigunda VS, Yasam P, Rengan
AK et al. Development of robust, ultra-smooth, flexible and
transparent regenerated silk composite films for bio-integrated
electronic device applications. Int J Biol Macromol 176, 498-509
(2021).

Bhattacharjee M, Middya S, Escobedo P, Chaudhuri J, Bandy-
opadhyay D et al. Microdroplet based disposable sensor patch
for detection of a-amylase in human blood serum. Biosens Bio-
electron 165, 112333 (2020).

Kafi A, Paul A, Vilouras A, Hosseini ES, Dahiya RS. Chitosan-
graphene oxide-based ultra-thin and flexible sensor for diabetic
wound monitoring. /EEE Sens J 20, 6794—6801 (2020).

Chen JX, Ouyang WX, Yang W, He JH, Fang XS. Recent pro-
gress of heterojunction ultraviolet photodetectors: materials, in-
tegrations, and applications. Adv Funct Mater 30, 1909909
(2020).

Teng F, Hu K, Ouyang WX, Fang XS. Photoelectric detectors
based on inorganic p-type semiconductor materials. Adv Mater
30, 1706262 (2018).

Selzer F, WeilR N, Kneppe D, Bormann L, Sachse C et al. A
spray-coating process for highly conductive silver nanowire net-
works as the transparent top-electrode for small molecule or-
ganic photovoltaics. Nanoscale 7, 2777-2783 (2015).

Hyun WJ, Secor EB, Hersam MC, Frisbie CD, Francis LF. High-
resolution patterning of graphene by screen printing with a silic-
on stencil for highly flexible printed electronics. Adv Mater 27,
109-115 (2015).

Zavanelli N, Yeo WH. Advances in screen printing of conduct-
ive nanomaterials for stretchable electronics. ACS Omega 6,
9344-9351 (2021).

Pudukudy M, Yaakob Z. Facile synthesis of quasi spherical ZnO
nanoparticles with excellent photocatalytic activity. J Cluster Sci
26, 1187—-1201 (2015).

Prokhorov E, Luna-Barcenas G, Yafez Limon JM, Gomez
Sanchez A, Kovalenko Y. Chitosan-ZnO Nanocomposites as-
sessed by dielectric, mechanical, and piezoelectric properties.
Polymers (Basel) 12, 1991 (2020).

Yalagala BP, Sahatiya P, Kolli CSR, Khandelwal S, Mattela V et
al. V205 nanosheets for flexible memristors and broadband pho-
todetectors. ACS Appl Nano Mater 2, 937-947 (2019).

Dahiya AS, Christou A, Neto J, Zumeit A, Shakthivel D, Dahiya
R. Shakthivel, D., Dahiya, R., In Tandem Contact-Transfer Print-
ing for High-Performance Transient Electronics. Adv Electron
Mater 8, 2200170 (2022).

Cai Q, You HF, Guo H, Wang J, Liu B et al. Progress on AlGaN-
based solar-blind ultraviolet photodetectors and focal plane ar-
rays. Light Sci Appl 10, 94 (2021).

Rasool A, Santhosh Kumar MC, Mamat MH, Gopalakrishnan C,
Amiruddin R. Analysis on different detection mechanisms in-
volved in ZnO-based photodetector and photodiodes. J Mater
Sci Mater Electron 31, 7100-7113 (2020).

Guo S, Yang D, Wang DK, Fang X, Fang D et al. Response im-
provement of GaAs two-dimensional non-layered sheet photo-
detector through sulfur passivation and plasma treatment. Vacu-
um 197, 110792 (2022).

Zhang DK, Sheng Y, Wang JY, Gao F, Yan SC et al. ZnO
nanowire photodetectors based on Schottky contact with sur-
face passivation. Opt Commun 395, 72-75 (2017).

Young SJ, Liu YH, Hsiao CH, Chang SJ, Wang BC et al. ZnO-

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

https://doi.org/10.29026/0ea.2023.220020

based ultraviolet photodetectors with novel nanosheet struc-
tures. IEEE Trans Nanotechnol 13, 238-244 (2014).

Shabannia R. High-sensitivity UV photodetector based on ob-
lique and vertical Co-doped ZnO nanorods. Mater Lett 214,
254-256 (2018).

Zumeit A, Dahiya AS, Christou A, Dahiya R. High-performance
p-channel transistors on flexible substrate using direct roll trans-
fer stamping. Jpn J Appl Phys 61, SC1042 (2022).

Pires JRA, Souza VGL, Fucifios P, Pastrana L, Fernando AL.
Methodologies to assess the biodegradability of bio-based poly-
mers—current knowledge and existing gaps. Polymers (Basel)
14, 1359 (2022).

Arguelles-Monal WM, Lizardi-Mendoza J, Fernandez-Quiroz D,
Recillas-Mota MT, Montiel-Herrera M. Chitosan derivatives: in-
troducing new functionalities with a controlled molecular archi-
tecture for innovative materials. Polymers (Basel) 10, 342
(2018).

Lin JJ, Lin WC, Li SD, Lin CY, Hsu SH. Evaluation of the anti-
bacterial activity and biocompatibility for silver nanoparticles im-
mobilized on nano silicate platelets. ACS Appl Mater Interfaces
5,433-443 (2013).

Yan JC, Ai S, Yang F, Zhang KM, Huang YC. Study on mechan-
ism of chitosan degradation with hydrodynamic cavitation. Ultra-
son Sonochem 64, 105046 (2020).

Pauksch L, Hartmann S, Rohnke M, Szalay G, Alt V et al.
Biocompatibility of silver nanoparticles and silver ions in primary
human mesenchymal stem cells and osteoblasts. Acta Bioma-
ter 10, 439-449 (2014).

Melro E, Antunes FE, da Silva GJ, Cruz |, Ramos PE et al.
Chitosan films in food applications. tuning film properties by
changing acidic dissolution conditions. Polymers (Basel) 13, 1
(2021).

De Masi A, Tonazzini I, Masciullo C, Mezzena R, Chiellini F et
al. Chitosan films for regenerative medicine: fabrication meth-
ods and mechanical characterization of nanostructured chitosan
films. Biophys Rev 11, 807-815 (2019).

Ferdous Z, Nemmar A. Health impact of silver nanoparticles: a
review of the biodistribution and toxicity following various routes
of exposure. Int J Mol Sci 21, 2375 (2020).

Birloaga I, Veglid F. Overview on hydrometallurgical proced-
ures for silver recovery from various wastes. J Environ Chem
Eng 6, 2932—-2938 (2018).

Yao JL, Qiang WJ, Guo XQ, Fan HS, Zheng YS et al. Defect
filling method of sensor encapsulation based on micro-nano
composite structure with parylene coating. Sensors 21, 1107
(2021).

Acknowledgements

This work is supported in part by Engineering and Physical Science Re-
search Council (EPSRC) through Engineering Fellowship (EP/R029644/1),
Hetero-print Programme Grant (EP/R03480X/1), and European Commis-
sion through grant references (H2020-MSCAITN2019-861166).

Competing interests

The authors declare no competing financial interests.

Supplementary information

Supplementary information for this paper is available at:
https://doi.org/10.29026/0ea.2023.220020

220020-15


https://doi.org/10.1021/acsabm.0c01139
https://doi.org/10.1016/j.ijbiomac.2021.02.051
https://doi.org/10.1016/j.bios.2020.112333
https://doi.org/10.1016/j.bios.2020.112333
https://doi.org/10.1016/j.bios.2020.112333
https://doi.org/10.1109/JSEN.2019.2928807
https://doi.org/10.1002/adfm.201909909
https://doi.org/10.1002/adma.201706262
https://doi.org/10.1039/C4NR06502F
https://doi.org/10.1002/adma.201404133
https://doi.org/10.1021/acsomega.1c00638
https://doi.org/10.1007/s10876-014-0806-1
https://doi.org/10.3390/polym12091991
https://doi.org/10.1021/acsanm.8b02233
https://doi.org/10.1002/aelm.202200170
https://doi.org/10.1002/aelm.202200170
https://doi.org/10.1038/s41377-021-00527-4
https://doi.org/10.1007/s10854-020-03280-3
https://doi.org/10.1007/s10854-020-03280-3
https://doi.org/10.1016/j.vacuum.2021.110792
https://doi.org/10.1016/j.vacuum.2021.110792
https://doi.org/10.1016/j.optcom.2015.07.007
https://doi.org/10.1109/TNANO.2014.2298335
https://doi.org/10.1016/j.matlet.2017.12.019
https://doi.org/10.35848/1347-4065/ac40ab
https://doi.org/10.3390/polym14071359
https://doi.org/10.3390/polym10030342
https://doi.org/10.1021/am302534k
https://doi.org/10.1016/j.ultsonch.2020.105046
https://doi.org/10.1016/j.ultsonch.2020.105046
https://doi.org/10.1016/j.actbio.2013.09.037
https://doi.org/10.1016/j.actbio.2013.09.037
https://doi.org/10.1016/j.actbio.2013.09.037
https://doi.org/10.1007/s12551-019-00591-6
https://doi.org/10.3390/ijms21072375
https://doi.org/10.1016/j.jece.2018.04.040
https://doi.org/10.1016/j.jece.2018.04.040
https://doi.org/10.3390/s21041107
https://doi.org/10.29026/oea.2023.220020

	Introduction
	Results and discussions
	Conclusion
	Experimental section
	Materials
	Preparation of chitosan thin films
	Fabrication of screen-printed electrodes
	Photodetector device fabrication and characterization

	References

