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Abstract

Photonic transistor memory with high-speed communication and energy-saving capabilities
has emerged as a new data storage technology. However, most floating-gate electrets are
composed of quantum dots derived from petroleum or metals, which are either toxic or harmful
to the environment. In this study, an environmentally friendly floating-gate electret made entirely
from biomass-derived materials was designed for photonic memory. The results show that the
photosensitive hemin and its derivative protoporphyrin IX (PPIX) were successfully embedded in
a polylactic acid (PLA) matrix. Correspondingly, their disparate photochemistry and core
structure strongly affected the photosensitivity and charge-trapping capacity of the prepared
electrets. With an appropriate energy-level alignment, the interlayer exciton formed with the
correct alignment of energy levels within the PPIX/PLA electret. In addition, the demetallized
core offered a unique relaxation dynamic and additional trapping sites to consolidate the charges.
Correspondingly, the as-prepared device exhibited a memory ratio of up to 2.5 x 107 with photo-
writing-electrical-erasing characteristics. Conversely, hemin demonstrated self-charge transfer
during relaxation, making it challenging for the device to store the charges and exhibit a
photorecovery behavior. Furthermore, the effect of trapping site discreteness on memory

performance was also investigated. The photoactive components were effectively distributed due



to the high dipole-dipole interaction between the PLA matrix and PPIX, resulting in a sustained
memory performance for at least 10* s after light removal. The photonic memory was also
realized on a bio-derived dielectric flexible substrate. Accordingly, a reliable photorecording
behavior was observed, wherein, even after 1000 cycles of bending under a 5-mm bending radius,
the data was retained for more than 10* s. To our knowledge, it is the first time that a two-
pronged approach has been used to improve the performance of photonic memory while
addressing the issue of sustainability with a biodegradable electret made entirely from natural

materials.

. Introduction

Following significant advancements in the Internet of Things and mobile electronics, high-
speed communication-capable data storage technologies are urgently desired in the modern era.!
Consequently, the focus of research on electrically-driven devices has shifted from Von
Neumann architecture and energy conservation to light programming.?> In addition, the rapid
development of emerging technologies has generated a great deal of enthusiasm for the pursuit of
portable electronics that can be realized on flexible substrates.>* Correspondingly, flexible
photoresponsive organic field-effect transistor (OFET) memory has sparked significant research

interest in next-generation electronics. OFET memory inspection has several advantages,
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including high discriminability, nondestructive readout, and excellent compatibility with
complementary metal-oxide semiconductors.’ Currently, floating-gate dielectrics,’ D-A polymer

electrets,® semiconducting composites,” and upconverting nanoparticle hybrid systems'®!!

are
employed in light-triggered OFET memory. Accordingly, photoactive components are mixed
with an insulating gate dielectric to create a floating-gate system, resulting in a promising and
facile approach for designing chargeable electrets. Until now, the development of floating-gate
dielectric has relied on nonrenewable or metallic materials,'®!'! that are either toxic or
environmentally unfriendly. Additionally, the increasing use of petroleum-based sources in
electronics production causes severe environmental pollution. Furthermore, with the explosive
growth of electronic waste, the short lifespan of memory devices inherently results in an
ecological problem.!? To address these issues and promote sustainability, it is, therefore,
necessary to incorporate renewable or degradable materials. Moreover, implementing a
biomaterial-based memory device with durable data storage behavior would be indispensable for
next-generation electronics.

As a promising photoactive heterocyclic group, porphyrin exhibits several naturally

occurring derivatives, such as chlorophyll, vitamin B12, and hemin.'? Their structural peculiarities,

including extensive m-conjugated tetrapyrrole scaffold and various peripheral substituents on the



pyrrole ring, confers intense absorption, stable photochemical properties, and structural
designability.!*!> Correspondingly, research on porphyrin-based materials has accelerated the
growth of optoelectronic technologies such as photonics sensors,'® organic photovoltaic cells,!”
and synaptic transistors.'®!° In this regard, Huang et al. reported chlorophyll-based neuromorphic
computing devices with long-term air stability and degradability,'” which benefit from the solid
absorption of the Soret band, resulting in an enhancement in the overall photoresponsivity of the
device.?® Correspondingly, porphyrin-based chemicals derived from natural organisms have
emerged as promising candidates for developing bio-safe optoelectronics. Hemin, an iron(III)-
containing porphyrin-based chemical, was first synthesized from defibrinated beef blood in
1941.2! Due to its intriguing photochemistry, thermal resistance, and cost-effectiveness, it is
widely employed in pharmacology,’ enzyme catalysis,”® and in the fabrication of biological
sensors.?* Since the electron-rich m-system and the coordinated iron complex endow hemin with
significant redox properties,”> we envisaged that the significant intramolecular charge distribution
between hemin molecules could affect their charge-trapping capacity. Protoporphyrin IX (PPIX),
devoid of a coordinated iron(III) ion, can be produced by irradiating the metal-ligand cleavage of
hemin derived from biomass.? In this regard, Gellini et al. determined the relaxation dynamics of

hemin and PPIX from the excited state to the ground state and interpreted the transient evolution



following the excitation of the Soret band.?’ In addition, the existence of a central metal ion was
found to impart a substantial effect on the photochemical properties of PPIX,?® which is a crucial
aspect of photoresponsivity and charge storage behavior in photonic memory.

This study reports the development of a floating-gate electret made entirely from biomass for
photonic OFET memories. The bio-electret includes photoactive components such as hemin and
its derivative PPIX and a polylactic acid (PLA) matrix with mechanical ductility and
degradability®. Especially, we emphasize two bio-electret-based memory systems, hemin/PLA
and PPIX/PLA to realize the electrical properties under electrical stress and light irradiation. In
addition, the discreteness of trapping sites in photoactive components is intensively studied via
modulating the blending ratio, processing solvent, and types of the polymer matrix. We also
investigated the photochemistry of each photoactive component and pentacene/bio-electret
bilayers to gain a deeper understanding of the working principles of the study electrets. The
corresponding operating mechanisms in bio-electret photoresponsivity, charge formation, and
charge storage persistence are proposed. Furthermore, the discreteness of trapping sites in
photoactive components was studied in depth by modulating the blending ratio, processing
solvent, and polymer matrix types. Finally, we demonstrated that the substrate and gate

dielectrics of the bio-electret that was integrated into fully flexible electronics were derived from



using biomass-based polymers. To our knowledge, this is the first time that the effect of metal ion
insertion in bio-derived porphyrin-based chemicals on photonic memory performance has been
investigated. This work unequivocally demonstrates the bright and sustainable future of bio-

derived and biodegradable electret in next-generation data storage technology.

. Experimental Section

Materials. All reagents and solvents were used as received from commercial sources.
Hemin (90%), extracted from bovines, PPIX 95%, PLA Mw~60,000 gmol™!), polystyrene (PS,
My~35,000 g mol!), anhydrous 1-methyl-2-pyrrolidone (NMP, 99.5%), and anhydrous
chloroform (CF, 99%) were purchased from Merck (90%, U.S.A.) to prepare the chargeable
electrets. Pentacene (99%, Merck, U.S.A.) was used as an active layer for field-effect transistor
(FET) devices. For the demonstration of flexible FET memory, the reported biomass-based
polyimide (PI)*® was derived from (3R,6S)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-
aminobenzoate) (ISBA) and 4,4'-biphthalic anhydride [BPDA, >98%, TCI (Japan)], and served
as the flexible substrate and gate dielectric.

Device fabrication. The photonic transistor-type memories using a highly n-doped silicon

wafer or flexible PI as the substrate were based on a bottom gate top contact configuration.



Hemin (20 mg) or PS was dissolved in 1 ml of anhydrous NMP or CF. Subsequently, different
ratios of PLA or PS polymer solution (20 mg/ml in anhydrous NMP or CF as solvent) were
added to this solution. The as-obtained solutions were then filtered through a PTFE membrane
syringe filter and spin-coated onto a highly n-doped silicon wafer with a 100-nm thick SiO. gate
dielectric at 2000 rpm for 60 s. The polymer-thin film was then annealed at 60 °C for 30 min
under vacuum. For the transporting layer, 50-nm-thick pentacene was deposited at a rate of 0.3
As™!at 1077 torr. Finally, a 65-nm-thick Au was deposited under the same conditions through the
regular shadow mask for the source and drain electrodes, with a channel length of 50 m and a
channel width of 1000 um. Concerning the flexible OFET memory, the biomass-based PI was
used as a flexible substrate and gate dielectric. Accordingly, the PI film was first deposited using
a 65-nm-thick Au through the regular shadow mask for the gate electrode. The PI precursor (20
wt.% in anhydrous NMP as solvent) was then spin-coated onto the substrate and imidized
successively under vacuum at 100, 200, and 300 for 1 h. Thus, the study electret, pentacene
transporting layer, and Au top electrodes, referred to in the aforementioned conditions, were

fabricated.

l Results and discussions



The effect of iron(III) ion presence on memory performance. The schematic structure

of the photonic FET memory, in which the photoactive electret is composed of bio-based PLA

as the polymeric matrix and hemin or PPIX as the photoactive components, is illustrated in

Figure 1a. As observed, the studied electrets were integrated between a SiO:2 dielectric and a

p-type transporting layer composed of pentacene. Hemin is a natural iron(IIl) ion-containing

porphyrin complex that can be extracted from bovine cells. Correspondingly, freebase PPIX,

which lacks coordinated iron(III) ions, can be converted from hemin by ultrasound irradiation.

The detailed fabrication procedure for the device is described in the experimental section.

Numerous researchers have studied the photochemistry of porphyrin-based chemicals and

integrated them into various optoelectronics. To investigate the photoresponse or photostorage

properties of the studied photoactive components, two types of photoactive electrets prepared

with hemin and PPIX were thoroughly analyzed. The purpose of the devices comprised bio-

based photoactive components/PLA with a blending ratio of 1/2 as electret is to observe

memory switching behaviors (Figures 1b and 1d) and memory retention (Figures 1c and 1e).

The p-channel FET transfer and output curves are presented in Figure S1, and the relevant

device parameters and memory performances are summarized in Table S1. For light source

operation, all characterizations were captured in a pitch-black environment. In addition, the



FET characteristics were estimated by sweeping the gate voltage (V) from 10 to —60 V with

the drain voltage (¥p) held constant at =60 V. As shown in Figure S1, significant hysteresis

occurred, indicating a polarization mechanism in the initial state (dark). Subsequently, the

transfer characteristics were recorded under electrically programmed stress or light

illumination to investigate the performance of photonic memory further. Accordingly, an

appropriate Vg pulse was applied for electrical writing purposes, and the transfer curves for

both electrets shifted in a negative direction when subjected to a Vg pulse of =60 V for 1 s.

The charge storage capability of the electret is represented by the deviated onset of transfer

curves caused by the modification of the conducting channel. Therefore, an appropriate Vc

pulse was applied for electrical writing purposes. As observed, the transfer curves for both

electrets shifted in a negative direction when subjected to a Vg pulse of =60 V for 1 s.

Moreover, the PPIX/PLA-based device exhibited a negative threshold voltage (Vtn) shift of 5

V, which could be explained by the band diagram in Figure 2a. Subsequently, the relevant

wavelength of maximum energy absorption (Amax) and solid-state band gap (Eg) of the studied

materials were determined from their ultraviolet—visible absorbance spectra (Figure 2b). As

observed, hemin and PPIX exhibited similar Amax (401 and 406 nm) and E; values (2.57 and

2.51 eV). In addition to the above, the highest occupied molecular orbital (HOMO) and lowest
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occupied molecular orbital (LUMO) energy levels of the studied materials relative to ferrocene
were estimated from the onset of their oxidation (Figure S2). As evident from the figure, the
HOMO and LUMO levels of hemin and PPIX were —5.29 and —5.14, as well as —2.72 and
—2.63 eV, respectively. Without iron(IIl) coordination, PPIX possessed a free -N-H— group
that donates electrons and endows destabilized frontier orbitals contributing to higher HOMO
and LUMO levels. However, due to the greater difference between the HOMO levels of
pentacene (5.22 eV), PPIX (5.14 eV), and hemin (5.29 eV), the induced hole carriers from the
transporting layer can overcome the barrier very easily. Correspondingly, the electrical stress
injects hole carriers into the chargeable electret, resulting in a more robust switching behavior.
To determine the photoresponse or photostorage characteristics, the device was
subsequently characterized under blue light (405 nm, 0.95 mWcm?) irradiation for multiple
exposure intervals. After exposure to light for 5 and 60 s, respectively, the transfer curve of the
hemin/PLA-based device was found to shift back to the original trace or a more positive
voltage region. In addition, the photoactive hemin generated Frenkel excitons under the
influence of light, and the dissociated holes were released by coulombic force at the

31

electrets/pentacene interface, returning to the transporting layer.”’ Moreover, the left

counterpart of electrons was maintained, which modified the polarity of a conductive channel
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to produce photorecovery and photoprogrammable behaviors in hemin/PLA and PPIX/PLA-
based devices, respectively. However, the PPIX/PLA-based device demonstrated a more
unusual switching behavior for shorter light irradiation of 5 s. During this time, the transient
current increased considerably, and a memory ratio (Iox/lorr) of 5.2 x 10 was recorded at Vg
=0V, thus, presenting an excellent value. In contrast, the hemin/PLA-based device exhibited a
significantly lower Iox/lorr of 3.7 x 10", even when photo-driven for 60 s. Thus, with a shorter
light exposure time and a respectable memory ratio, PPIX, the photoactive component in the
electret, was found to be more suitable for photo programming. For the transient characteristics,
the temporal source—drain current (Ips) was recorded with a fixed Vp of =60 V and Vg of 0 V
under dark conditions. Subsequently, the light illumination process was analyzed at various
time intervals (blue-filled area; 1-60s). Accordingly, we determined the initial and
photoprogramming states to be the “OFF” and “ ON” states based on their recorded current.
This suggests that the device has a high performance with a higher (Ion/orr) ratio under shorter
light exposure times. As shown in Figures 1c and le, the /ps of the hemin/PLA electret-based
device decreased gradually after light removal. Furthermore, even when illuminated for an
extended 60 s, the hemin/PLA electret had difficulty retaining the trapped charges. In contrast,

the PPIX/PLA-based device exhibited a stable photorecording behavior with a well-preserved
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Ips after removing the light source. The band diagram and photochemistry of the studied
photoactive components can elucidate the difference in the photostorage performance of
hemin/PLA and PPIX/PLA electret. First, it is simple to identify the greater difference between
the LUMO levels of pentacene (—3.45 eV), PPIX (-2.63 eV), and hemin (—2.72 eV), which
prevents trapped electrons from returning to the transporting layer. Secondly, due to the
adequate alignment in energy level between pentacene and PPIX/PLA electret, the bandgap of
1.69 eV between the LUMO level of pentacene and the HOMO level of PPIX facilitates
interlayer charge recombination, which generates the excitons for external stimulus to the
electret.>? Thus, more Frenkel excitons were generated, and more electrons with their left-
handed counterparts were retained in the electret, giving the device a larger conductive channel
and a higher memory ratio. To corroborate the formation of an interlayer exciton, the PL
spectra of the pure studied photoactive components (solid line) and double-layer with
deposited pentacene on the studied photoactive components (dashed-line) were investigated
(Figure 2c¢). As observed, the thin films of the photoactive components were excited by 405
nm light, and both exhibited emission peaks at 560 nm; PPIX also exhibited an additional
emission peak at 700 nm. However, there was no light absorbance at 700 nm in the PPIX/PLA

electret (Figure 2b) or pentacene, thereby ruling out the possibility that the light emission
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from PPIX was absorbed by the transporting layer or by itself. Inferring from the PL spectra of
photoactive component-pentacene double-layer films on quartz, hemin/PLA-pentacene
exhibited similar PL emission characteristics as pure hemin films. Conversely, PPIX/PLA-
pentacene exhibited an additional emission peak at 705 nm and a 68% increase in PL intensity.
In contrast, the 1.84 eV bandgap between the LUMO level of pentacene and the HOMO level
of hemin prevented their charges from recombining. As a result, the memory ratio of the
hemin/PLA-based device was quite low. In an earlier study, Gellini et al. investigated the
relaxation pathway of hemin and PPIX from an excited to a ground state.?’” Accordingly, hemin
was reported to possess faster relaxation rates due to charge transfer; on the other hand, PPIX
was reported to relax through internal conversion and vibrational relaxation, which could be
ascribed to the insertion of iron(IIl) ion to activate the relaxation channels from the n—r* state
in the porphyrin ring to the center of the metal ion. Thus, the trapped charges in the
hemin/PLA electret tend to dissipate via self-charge transfer, resulting in diminished memory
persistence. If the hemin/PLA-based device was continuously driven by light illumination
(Figure 1b), a compatible Jon/Iorr ratio of 1.1 x 10° is observed. Since photo-driven excitons
are continuously generated, they compensate for the electron lost during charge transfer

between hemin molecules. Consequently, the conductance of the active channel is maintained.
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This result, therefore, demonstrates the strong correlation between the memory properties of

hemin and its photochemistry. To gain more insight into the device-to-device variations of

photonic memory, the statistical analysis of the performance of 20 devices for five different

memory device types has been summarized in Table S3.

Based on the memory performance and photochemistry of the studied photoactive components,

we hypothesize, as depicted in Figure 3, a plausible working mechanism for the studied

memories under light irradiation. As illustrated, both electrets generated Frenkel excitons when

illuminated by light; additionally, the left counterpart of the photo-induced electrons was

trapped in the electret. After removing the light source, the excited photoactive components

underwent dynamic relaxation. Figure 3 depicts the interlayer exciton generated between the

electret and pentacene upon illumination, followed by the trapping of electrons in the PLA

electret, resulting in an exceptional memory ratio and current retention. In contrast, the 1.84 eV

bandgap between the LUMO level of pentacene and the HOMO level of hemin was too large for

their charges to recombine, indicating that the charges trapped in the hemin/PLA electret tend to

dissipate through self-charge transfer, resulting in lower memory persistence. In the case of

hemin/PLA-based memory, hemin facilitated charge transfer relaxation, and electrons hopped

onto adjacent hemin molecules. Some hopping electrons may dissipate during this process.
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Therefore, the trapped electrons in the hemin/PLA electret present a challenge in terms of

persistence. In addition, the interlayer charge could not recombine due to the significant energy

difference between pentacene and hemin. In other words, the interlayer exciton could not form

to compensate for the loss of dissipated electrons. Thus, in the case of PPIX/PLA-based

memory, PPIX released fluorescence without charge transfer upon relaxation to the ground state,

preventing trapped charges' dissipation. Moreover, the proximity of 1.69 eV between the

LUMO and HOMO energy levels of pentacene and PPIX provided a driving force to overcome

the coulombic force of the bonded charges in pentacene and electret, respectively. Therefore,

the interlayer charges recombine and generate additional excitons, suggesting that they were

retained in the PPIX/PLA electret after the excitons dissociate. Notably, the intrinsic electron-

deficient core of PPIX enabled the consolidation of electron carriers. To further visualize the

charged regions of PPIX, its molecular electrostatic potential (ESP) was calculated using

density functional theory (Figure 3). As observed, the amide group provided a negative ESP

region, which suggests that it stabilized negative charges within the electret. Moreover, when

the device was driven by photoirradiation, the induced electrons from light illumination and

interlayer excitons were preserved well in the PPIX/PLA electret. Consequently, the PPIX/PLA

electret derived from the biomass-based PPIX/PLA electret was deemed more favorable for use
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in photonic memory. Therefore, the high memory ratio and current retention demonstrate the

potential for exceptional discriminability and persistent data storage.

The effect of the distribution of photoactive components on memory performance.
By the characteristics mentioned earlier, the natural PPIX, which acts as a photoactive
component embedded in a PLA matrix, is advantageous for use as a chargeable electret in a
photo memory. Thus, modulating the blending ratio, molecule dispersiveness, specific sizes,
and insulating polymer morphology can affect the discreteness of trapping sites, thereby
significantly impacting memory performance.®**> Therefore, we investigated the memory
performance of PPIX/PLA electrets with 1/1, 1/2, and 1/4 blending ratios. All the device
performances in this section are summarized in Table S1. As demonstrated in Figure S3, the
electrical stress exerted on all devices resulted in similar switching behaviors. In addition, the
transfer curves shifted to the positive region with light exposure of 1 s. Meanwhile, the
transient current underwent a significant increase in each device. As anticipated, a more
unusual switching behavior was observed with a higher concentration of PPIX in the electret
because more electrons were induced by light illumination, and interlayer exciton was retained.

In addition, when the exposure interval was set to 1 s, the PPIX composition change modulated
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the memory behavior from photo programming to photo recovery. Thus, the increased PPIX
composition provided more trapping sites for retaining the induced charges in the electret.
Notably, the Ips of the PPIX/PLA(1/1)-based device increased slightly after the light source
was removed. This could be attributed to the interlayer excitons generated between PPIX and
pentacene upon the removal of light. Consequently, the PPIX/PLA(1/2)-based device had a
relatively higher Jon/Iorr than the other two systems, which had Jox/Iorr values of 2.9 x 10* for
the PPIX/PLA(1/1)-based device and 1.4 x 10° for the PPIX/PLA(1/4)-based device,
respectively. In addition, the adopted blending ratio provided discrete trapping sites, allowing
induced charge to be captured or released via an external driving force. To demonstrate this
concept, a PPIX/PLA(1/2) electret was prepared for comparison in CF, where PPIX dissolved
significantly better than in CF. The surface morphology of the electret was captured by AFM
topography, as depicted in Figure 4a, and the corresponding transfer and output characteristics
are depicted in Figures 4b and S4a. Thus, it is evident that the PPIX aggregated in the PLA
matrix when CF was used as the processing solvent. In addition, the device exhibited a
significantly lower Jon/lorr of 7.3, despite being photo-driven for 60 s, proving the

effectiveness of the photoactive component distribution on memory performance.
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Based on the mentioned concept, it is, therefore, necessary to specify the purpose of the
PLA matrix. In addition to biodegradability and bio-based materials, the ether and carbonyl
groups on PLA provide a solid dipole-dipole interaction with the carboxylic acid end group in
hemin or PPIX. This strong interaction permits the photoactive components to be firmly
encased within the polymer matrix, thereby generating discrete trapping sites in chargeable
electrets. To confirm the functionality of PLA, we prepare a control group by blending
hydrophobic PPIX with hydrophilic PS.>***” Figure 4c and Figure S4b illustrate the
performance of the fabricated device, which exhibits similar Vu shifting but a lower Jon/Iorr
of 4.1 x 10% than the PPIX/PLA(1/2)-based device. Due to a larger grain size of grown
pentacene (Figure S5) on a more hydrophobic surface, the PPIX/PS(1/2)-based device
exhibited a greater charge mobility (4p) of 5.2 x 102 cm?V!s!. However, a significant
difference in polarity between PPIX and PS resulted in an unfavorable mixing situation, which
may reduce the discreteness of trapping sites. As depicted in Figure 4a, a PPIX aggregation
was observed, and the poorer distribution of photoactive components impacted the
photoresponsivity of the electret. The PPIX/PS(1/2)-based device exhibited a lower lon/IoFr

ratio.

19



The feasibility of bio-electrets and the demonstration of flexible electronics. To
further investigate the long-term data storage stability and discriminability, the retention
characteristics of the bio-electret-based devices were analyzed (Figure 5a). The photo
programming procedure was configured as an “ON” state controlled by light illumination for
varying exposure times. Hemin/PLA, PPIX/PLA, and PPIX/PS-based devices were illuminated
for 60, 5, and 5 s, respectively, to ensure that each electret received adequate charges for stable
data recording. In addition, the electrical-erasing processes were set to an “OFF” state, and the
devices' memory ratio (lon/Iorr) was determined from the retained Ips recorded after 10* s
under a fixed Vb of 60 V and a VG of 0 V in a dark environment. Devices based on hemin/PLA,
PPIX/PLA, and PPIX/PS exhibited Ion/lorr values of 1.8 x 10% 2.5 x 107, and 2.9 x 109,
respectively. Notably, the PPIX/PLA-based device exhibited a higher memory ratio than other
devices due to a relatively higher initial Jon recorded at VG of 0 V and a high retention of Jon
after light removal for 10* s. The former factor is attributable to the PPIX/PLA electret's high
photoresponsivity. As discussed previously, the interlayer exciton formation occurred at the
interface of the PPIX/PLA electret and pentacene, producing additional photo-induced charges.
In addition, the high degree of PPIX distribution within the PLA matrix validated the

discreteness of the trapping sites. These outcomes, therefore, contribute to a higher
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photoresponsivity and a greater memory ratio. In addition, the excellent memory resistance
could be credited to the unique relaxation dynamic and inherent chemical functionality of
PPIX,?” which enabled the retained charges to consolidate well in its trapping sites. Thus, the
Iox remained high, and the PPIX/PLA-based device demonstrated a sustained memory
behavior.

To further evaluate the reproducibility of the PPIX/PLA-based devices, writing-reading-
erasing-reading switching cycles were performed, as depicted in Figure S6, and the averaged
Ips of the reading process following photo-writing (ON state) and electrical-erasing (OFF state)
in each cycle was recorded in Figure 5b. Each cycle was conducted as follows: the device was
initially exposed to blue light (405 nm, 0.95 mWcm ?), followed by 5 s programming in a
constant electrical field (V=0 V and Vb = —60 V). This is referred to as the writing process.
Following the removal of the light source, a V'p of =60 V was maintained for the data reading
process. A 1 s Vg pulse with a I'p of 60 V was applied for the electrical-erasing process,
followed by data reading. The measurements were performed at ¥ = 0 V to prevent additional
energy consumption during data reading. The PPIX/PLA-based device exhibited stable
reversible switching cycles at least 50 times and highly maintained /on and Jlorr averages

during the reading process. In addition, the distinct Jon/Iorr was observed to be around three
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orders of magnitude. The absence of current decay affirms the decent data discriminability and

excellent reliability of the study memories under study.

Based on the advantages mentioned above, PPIX/PLA electret was a promising candidate

for integration in next-generation electronic data storage systems. Notably, the PPIX/PLA

electret is designed to program in short light intervals to conserve energy, and the biomass

derivability and degradability are environmentally friendly to achieve a sustainable economic

model.

As depicted in Figure Sc, we demonstrate the viability of flexible memories using

PPIX/PLA(1/2) as a chargeable electret and PI(ISBA-BPDA) as a bio-polymer substrate and

dielectric. Due to the optimized thickness and roughness of the dielectric layer on the PI-based

substrate, the photoresponsive performance and the initial mobility of FETs must be

considered for the phototransistor memory behavior in flexible devices. Moreover, because

hemin and PPIX serve as both photoactive components and hole-trapping sites, the mobility of

electrons in this study is lower than the mobility reported in the literature as a whole. Thus, a

trade-off between photoresponse and mobility must exist. However, we can optimize the

memory performance via well-controlled surface morphology (modulating the blending ratio,

processing solvent, and polymer matrix types). In this study, we determined that PPIX/PLA
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(2/1) has an excellent memory ratio and current retention characteristics. In addition to
describing the initial transfer characteristics and switching behavior under cyclic bending,
Table S2 lists the characteristics. As depicted in Figure S7a, the hysteresis phenomenon and
output characteristics were recorded. The prepared flexible device exhibits comparable transfer
characteristics with an average up of 8.2 x 107 cm?V s !, compatible with the conventional
silicon-based device described in the previous section. The Ci value of dielectrics fabricated
with 302 nm thick PI(ISBA-BPDA) and 285 nm thick PPIX/PLA(1/2) electrets were 8.9
nFem 2. Regarding memory performance, the device exhibited a similar switching behavior
during the photo programming process; however, a slight Vru shift was observed during
electrical erasure. The low absorbance of the PI(ISBA-BPDA) dielectric at wavelengths longer
than 320 nm,® precludes the addition of a photoresponsive component to the device. In contrast,
the PI(ISBA-BPDA) dielectric may trap some hole carriers from the PPIX/PLA electret,
resulting in less conductivity in the active channel and a smaller Vru shift under electrical
stress. The flexible device still performed a compatible memory ratio of 1.7 x 10 and 5.0 x
102, before and after 1000 cycles of cyclic bending, respectively, under a bending radius of 5
mm. In addition, an outstanding memory resistance with lon/Iorr of 8.9 x 10° was observed

following a light removal for 10* s (Figure S7b). The presented results signify the viability of
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developing -based flexible memory and offer a promising outlook for bio-derived and

biodegradable materials for environmentally friendly optoelectronics.

. Conclusions

The current study successfully reports the development of a bio-derived electret-based
flexible photonic memory featuring degradability. Examining hemin and PPIX photochemistry,
the effect of iron(IIl) ion insertion on memory performance is investigated for the first time.
The hemin/PLA-based electret exhibited an inferior memory performance with a low memory
ratio and current retention, despite being photo-driven for a longer duration. In contrast, the
PPIX/PLA-based device exhibited a high memory ratio of 8.9 x 10° after light removal for 10*
s. correspondingly, the mechanism of operation for these two systems was proposed in this
study. The presence of the PPIX/PLA electret with the appropriate energy-level alignment to
the active layer enabled the generation of interlayer excitons at the interface. In addition, the
relaxation dynamic and core structure provided additional sites for charge consolidation. As a
result, the device exhibited a higher memory ratio and persistence. In contrast, it was
challenging to store charge in hemin because of its self-charge transfer while undergoing

relaxation and because the iron(IIl) ion coordination decreased its trapping sites. On the other
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hand, the effect of photoactive component distribution in the polymer matrix was discussed
further by varying the blending ratio, processing solvent, and polymer matrix types. As
observed, the discreteness of trapping sites considerably influenced the memory ratio. In
conclusion, the flexible device based on a PPIX/PLA(1/2) electret demonstrated memory
retention even after 1000 cycles of bending with a 5-mm bending radius. This research,
therefore, demonstrates the viability of hemin-based bio-electrets in photonic memory and

offers the opportunity to replace petroleum-based materials.
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Figure 1. (a) Schematic illustration of the photo memory of the bio-based photoactive electrets.
I-V curves of the photonic FET memory based on (b) hemin/PLA and (c) PPIX/PLA electret
with b = -60 V under photo-writing (405 nm, 0.95 mWcm 2, various time interval) and
electrical-erasing (Vg = -60 V, 1 s). Transient characteristics based on (d) hemin/PLA and (e)

PPIX/PLA electrets performed in a dark environment instead of light illumination process.
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Figure 4. (a) Atomic force microscopy height images (2 x 2 um) of the chargeable electret
fabricated using photoactive components/polymer matrix at a blending ratio of 1/2. The
processing solvent is denoted in brackets. -V curves of the photonic field-effect transistor
memory based on (b) PPIX/PLA(CF) and (c) PPIX/PS(NMP) electret with Vo = -60 V under

photo-writing (405 nm, 0.95 mWcm 2, various of time interval) and electrical erasing (Vg =

~60'V, 1 s).
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Figure 5. (a) Retention characteristics of memories studied in the ON state (photo-writing
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illuminated for 60, 5, and 5 s, respectively. (b) Endurance characteristics of the
PPIX/PLA(1/2)-based device with continuous writing-reading-erasing-reading cycles. The
averaged Ips of the reading process after photo-writing (ON state) and electrical erasing (OFF

state) in each cycle are depicted. (¢) Memory switching behaviors of a flexible device
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fabricated using PI(ISBA-BPDA) as the substrate and dielectric, PPIX/PLA(1/2) as the electret,

and pentacene as the active layer.
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