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1. Introduction

Transient electronic systems offer compelling solutions for sustainable

technologies, enabling environmentally benign disposal in ecological settings
and eliminating surgical retrieval in biomedical implants. At the core of such
systems, biodegradable semiconductors serve as key materials not only for
logic operations but also for realizing diverse sensing modalities. Here, a
comprehensive study of magnesium silicide (Mg,Si) thin films as a
narrow-bandgap, biodegradable semiconductor platform for transient
electronics is reported. Polycrystalline Mg, Si thin films are formed via RF
magnetron sputtering and thermal annealing, followed by systematic
investigation of their dissolution behavior under various pH and ionic

Transient electronic systems,['"12] capable
of operating in physiological or natural
environments and undergoing complete
disintegration after use, have emerged as
promising platforms for environmentally
sustainable zero-waste devices!*™ and
minimally invasive implantable medi-
cal applications.?*1¢] The elucidation of
hydrolysis behavior in electronic-grade
single-crystal Si nanomembranes, 72!
together with the integration of biodegrad-

conditions. Physiological relevance is confirmed by phosphate-buffered saline
testing, while environmental biodegradability is validated under composting
conditions. In vitro cytotoxicity assays confirmed the biocompatibility of the
material and its degradation byproducts. Mg, Si thin films exhibit an indirect
bandgap of ~0.84 eV, intrinsic carrier concentration (>10'® cm—3), and

able metals (e.g., Mg, Zn, W, Mo)1222-24]
and insulating materials (e.g., SiO,,
MgO),[1161925-28] hag played a key role
in transforming conventional silicon-
based devices into fully transient systems.
Leveraging its intrinsic semiconducting

thermal conductivity (<1.8 W m~! K~), along with broadband optical
absorbance. Device-level integration into thermoelectric harvesters yielded
Seebeck coefficients of ~130 pV K~' and output power exceeding

~0.338 uW cm~2 K~2. Photosensors demonstrated photoresponse up to
1300 nm, confirming near-infrared sensitivity. These results establish Mg,Si
as a viable semiconductor for transient electronics, expanding the material
spectrum beyond conventional wide-bandgap semiconductors.

properties, degradable Si nanomembrane
has been integrated into active devices
such as diodes,[13810-121416.19.21] fie]d-effect
transistors (FETs),[%131929301 CMOS,[8919]
and logic circuits (e.g., NAND, NOR),[#30
as well as temperaturel'3! and pH
sensors,[13191 and multiplexed electrode
arrays for biosignal acquisition.’] Further-
more, its photoconductive and photovoltaic
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characteristics have supported the realization of transient op-
toelectronic systems, such as optical sensors®?l and solar
cells.!l These devices have been further adapted for spe-
cific biomedical applications, including implantable intracranial
pressure monitors based on piezoresistive Si nanomembrane
gauges,[? wireless peripheral nerve stimulators using diode-
based rectifiers,[1®12] and optotransistor-integrated pacemakers
for cardiac electrotherapy.!*®]

A detailed understanding of dissolution kinetics has laid a crit-
ical foundation for expanding the material palette of biodegrad-
able semiconductors. In particular, silicon nanomembranes have
served as a model system for characterizing environmentally trig-
gered hydrolysis behavior under physiologically relevant condi-
tions. The degradation rate of Si has been shown to depend
strongly on environmental factors, including pH!*}l and ionic
species.!'-21l For instance, basic and chloride-rich environments
accelerate hydrolysis, with dissolution rates increasing from
~2 nm day~! in deionized water (pH 7)[¥! to ~10 nm day™!
in buffer solution (pH 10)[*1 and ~60 nm day~! in 1 M NaCl
solution!?) at 37 °C. Phosphate-buffered saline (PBS),[?% fetal
bovine serum,?’ and seawater('®33] have also been employed
to mimic biological and environmental exposure scenarios, pro-
viding tunable degradation profiles through ion-mediated sur-
face chemistry. In parallel, intrinsic material parameters such
as crystallinity and doping have been systematically investigated.
Amorphous Si nanomembranes exhibit faster dissolution (~4.1
nm day~!) than their polycrystalline and single-crystalline coun-
terparts (~2.8 and ~2.9 nm day~! respectively) in PBS (pH 7.4)
at 37 °C.2!1 The low packing density of a-Si leads to an enhance-
ment of water molecule penetration.[?!] Moreover, doping has
been shown to modulate dissolution behavior: both boron and
phosphorus dopants can reduce hydrolytic degradation rates by
altering the electronic structure and chemical reactivity of the sil-
icon surface.['8]
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Building on the foundational understanding of silicon disso-
lution, research has expanded to encompass a broader set of
inorganic semiconductors with distinct electronic and degrada-
tion properties. Germanium (Ge, bandgap (E,) ~ 0.8 eV) dis-
solves at a rate of ~3.1 nm h™' in PBS at 37 °C, offering
broadband absorption and high carrier mobility that make it
suitable for infrared-responsive and low-power optoelectronic
applications.[’!! Additionally, silicon germanium alloys (e.g.,
Si:Ge = 8:2, E, ~ 1.0 eV) exhibit hydrolytic dissolution at a mod-
erate rate (~0.1 nm day~' in PBS at 37 °C), providing a means to
tune degradation behavior while maintaining silicon-compatible
electronic characteristics.l?!l Amorphous indium gallium zinc
oxide (a-IGZO, E, ~ 3.1 eV), a widely studied compound semi-
conductor, displays composition-dependent dissolution kinetics
(e.g., 10-20 nm day~! in DI water at 60 °C), along with favor-
able properties such as high optical transparency and moder-
ate field-effect mobility (%10 cm? V=! s71), enabling the fabrica-
tion of transparent, low-power transient thin-film transistors.[34
Zinc oxide (ZnO, E, ~ 3.3 eV) degrades rapidly under mildly
acidic conditions (>3 pm day~! at pH 4-5) and has been em-
ployed in UV photosensors owing to its strong UV absorp-
tion, and in energy-harvesting devices leveraging its piezovoltaic
characteristics.3>3¢] Further extending to low-dimensional mate-
rials, chemical vapor deposited molybdenum disulfide (MoS,, E,
~ 1.81 eV) has demonstrated hydrothermal degradation at grain
boundaries (e.g., up to 180 nm of morphological change over 8
days in PBS at 75 °C), highlighting its potential for use in 2D,
near-infrared (NIR) transient electronics.?’!

Biodegradable thermoelectric (TE) energy harvesting systems
represent a critical advancement beyond conventional transient
energy devices (batteries, photovoltaics/piezoelectric devices, or
supercapacitors) by enabling continuous and maintenance-free
power generation from ubiquitous thermal gradients. Building
on this advantage, TE-based powering devices without reliance
on finite electrochemical reactants, external stimuli or spatiotem-
poral operation imparts their potential as a sustainable foun-
dation for next-generation self-sustainable transient electronics.
Magnesium silicide (Mg, Si) represents a promising expansion
to the current library of biodegradable semiconductors, offer-
ing complementary properties that expand the functional design
space of transient electronic materials. As a binary compound
composed of environmentally benign elements, Mg, Si exhibits
a narrow indirect bandgap of ~0.6-0.8 eV and has been widely
investigated as an n-type thermoelectric material owing to its
high electrical conductivity (>10* S cm™!), moderate Seebeck co-
efficient (%200 uV K™'), and intrinsically low thermal conductiv-
ity (<10 W m~! K1).38#2] Beyond its thermoelectric function,
Mg, Si nanoparticles have been explored as biocompatible deoxy-
genation agents in cancer therapy, highlighting their potential
for bio-integrated applications.!*! This combination of favorable
electronic characteristics and safe, predictable biodegradability
positions Mg, Si as a key material platform for eco-friendly and
waste-free transient electronics, particularly in TE energy harvest-
ing and broadband optical sensing systems that demand both
electronic functionality and environmental compatibility with
sustainable operation.

Here, we report a comprehensive dissolution study of Mg, Si
thin films, establishing its potential as a low-bandgap, biodegrad-
able semiconductor platform for transient electronics. The poly-
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crystalline Mg, Si thin films, a binary intermetallic phase, were
formed via RF magnetron sputtering followed by thermal an-
nealing. The hydrolysis behavior of Mg,Si was systematically
investigated under various ionic and pH conditions, revealing
that degradation kinetics are strongly accelerated in acidic en-
vironments and in the presence of chloride ion, while deceler-
ated in phosphate-rich conditions. To assess its suitability for
bioresorbable applications, further dissolution studies were con-
ducted in phosphate-buffered saline (PBS), a physiologically rel-
evant medium. In vitro cytocompatibility was evaluated by mea-
suring the viability of L929 fibroblast cells cultured on Mg, Si thin
films, confirming high biocompatibility of both the material and
its degradation byproducts. Environmental biodegradability was
also assessed by monitoring the degradation of Mg, Si-based op-
toelectronic devices in a composting environment. The electronic
and thermoelectric properties were investigated by using the Hall
effect and Seebeck coefficient measurement, respectively. Fur-
thermore, optoelectronic properties were characterized over a
broad spectral range in UV-vis absorbance and photoelectron
spectroscopy. Together, these results establish Mg, Si as a versatile
and biodegradable semiconductor platform that combines low-
bandgap optoelectronic functionality with environmental and bi-
ological compatibility, thereby broadening the material spectrum
for transient electronics.

2. Results and Discussion

Biodegradable Mg, Si thin films were prepared by magnetron
sputtering an Mg, Si target and thermal annealing (Figure 1a).
An amorphous mixture of Mg and Si atoms was initially formed
on a Si(100) wafer. Annealing was performed to induce crystal-
lization and obtain Mg, Si thin films. X-ray diffraction (XRD) pat-
terns, transmission electron microscopy (TEM) observation, and
X-ray photoelectron spectroscopy (XPS) analysis confirmed the
formation of a polycrystalline phase in the Mg, Si thin films af-
ter annealing. XRD patterns (Figure 1b) reveal that the initially
amorphous Mg—Si thin films undergo progressive crystallization
as annealing time increased from 0 to 24 h at 350 °C. These peaks
became more intense after 12 h of annealing, corresponding to
the antifluorite crystal structure of Mg, Si, as previously reported
in the literature.[*>*4] The crystallite size of the Mg, Si thin films
increased rapidly from ~28 to 36 nm between 4 and 12 h of an-
nealing, after which further growth was minimal, indicating sat-
uration of crystallite coarsening under the given thermal condi-
tions (Figure S1 and Note S1, Supporting Information). High-
resolution transmission electron microscopy (HRTEM) image
and selected area electron diffraction (SAED) pattern (Figure 1c)
confirmed the formation of a polycrystalline phase of Mg, Si thin
films after 12 h annealing. The interplanar spacing of 0.44 nm
observed in the annealed sample (350 °C, 12 h) corresponded to
the (110) planes of the antifluorite structure of Mg, Si (Figure S2,
Supporting Information). Thermal annealing above the optimal
point at 350 °C induces a phase transition in the Mg, Si thin films,
as evidenced by the diffrential scanning calorimetry (DSC) and
XRD analyses (Figure S3, Supporting Information). This phase
transformation marks the onset of material degradation, indicat-
ing thermal instability under elevated annealing conditions.
XPS analysis in Figure 1d provides further evidence of Mg—Si
bond formation. The deconvoluted Mg 2p spectrum shows a
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dominant peak at 49.8 eV in the as-deposited state, correspond-
ing to neutral Mg® atoms. After annealing at 350 °C for 12 h, a
new component was observed at 51.5 eV, assigned to Mg?*, in-
dicating the formation of polar covalent Mg—Si bonds.[*] In the
as-deposited film, Mg and Si exist as separate atoms, forming an
amorphous network; upon annealing, they react to form a chemi-
cally bonded compound phase. Raman spectroscopy further sup-
ports Mg—Si bond formation in polycrystalline Mg, Si thin films
by identifying vibrational modes. The as-deposited films show
broad, low-intensity spectrum, while the annealed films exhibit
sharp peaks corresponding to vibrational modes of Mg—Si bonds
(Figure S4, Supporting Information). The peak at 255 cm™! arose
from transverse optical bending between Mg and Si atoms, and
the 338 cm™! peak corresponded to a longitudinal optical stretch-
ing mode, consistent with crystalline Mg, Si.l**] Changes in crys-
tallinity were also visualized in nanoindentation-based hardness
mapping, showing mechanical contrast that reflects the under-
lying structural evolution. As presented in Figure S5 and Note
S2 (Supporting Information), the average hardness of the as-
deposited Mg—Si film was 5411.16 + 626.36 MPa, whereas an-
nealing increased the value to 7911.83 + 293.68 MPa. The pro-
nounced hardening, accompanied by the reduced deviation, sug-
gests that the as-deposited Mg—Si film possessed a relatively
loose and heterogeneous structure, and that crystallization into
a well-ordered Mg, Si phase upon annealing enhanced atomic
packing and reduced defects, thereby leading to the observed in-
crease in hardness and improvement in uniformity.

To demonstrate device-scale degradation, hydrolysis of Mg, Si
thin films-based optoelectronics was examined under a com-
posting environment mimicking high-moisture biodegradation
(58 °C, pH 7.0). Figure 1e shows the time-sequenced disintegra-
tion of a flexible photosensor array fabricated from Mg, Si thin
films. In this environment, the Mg, Si active layers and Mo in-
terconnects, along with the biodegradable polybutylene adipate
terephthalate (PBAT) substrate, degrade through hydrolysis. By
day 18, the device displays significant thinning, increased trans-
parency, and deformation due to moisture-induced swelling. By
day 30, the structure fragmented, indicating complete disinte-
gration of the device. A more detailed analysis of the dissolu-
tion kinetics, interfacial chemistry, and structural degradation
under various biologically relevant environments is presented in
Figures 2 and 3.

Figure 2 systematically investigates the dissolution kinetics
and chemical evolution of Mg, Si thin films under various aque-
ous environments by combining thickness measurements and
XPS. Mg, Si thin film arrays were patterned using photolithog-
raphy based on the lift-off technique after negative photoresist
(PR) exposure (Figure S6, Supporting Information). Film thick-
ness was measured via surface profilometry across patterned re-
gions, and the average dissolution rate was calculated from the
linear reduction in thickness over time. Figure 2a shows the ef-
fect of temperature on the hydrolysis of Mg, Si thin films in DI
water. As the temperature increased from 3 to 58 °C, the dissolu-
tion rate rose from 0.20 to 0.70 nm min~!. Schematic illustrates
the dissolution kinetics as a function of reaction temperature.
Elevated temperatures promote thermodynamically accelerated
hydrolysis and oxidation processes, leading to the formation of
corrosion byproducts such as Mg(OH), and Si(OH),. The Arrhe-
nius plot in Figure 2b shows a linear relationship between the
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Figure 1. Characterization of the Mg, Si thin films and demonstration of device-scale degradation. a) Schematic diagram of the fabrication process of the
Mg, Si thin films prepared by sputtering and thermal annealing. b) X-ray diffraction patterns of the Mg, Si thin films under annealing time variations at
350 °C (as-deposited, black; 8 h, green; 12 h, red; 24 h, blue). c) High-resolution transimission electron microscopy image of polycrystalline phase of the
Mg, Si thin films annealed at 350 °C for 12 h (Inset: selected-area electron diffraction patterns). d) Photoelectron spectrum of the (black) as-deposited
Mg—Si and (red) annealed Mg, Si thin films (350 °C, 12 h) (Inset: elemental deconvoluted spectrums of Mg 2p peak measured before and after annealing.
e) Photographs of device degradation of the Mg,Si thin film-based photosensor arrays undergoing degradation in a composting environment (58 °C,

pH 7) at day O (left), day 18 (middle), and day 30 (right).

logarithm of the dissolution rate and the inverse of temperature
(T71), yielding an activation energy (E,) of 21.63 k] mol~L.
Figure 2c presents the influence of pH on the dissolu-
tion behavior using pH buffer solutions (pH 4 and pH 7)
and DI water (pH 7) at 37 °C. The dissolution rate was pH-
dependent: 4.58 nm min~! at pH 4, 0.39 nm min~' at pH 7,
and 0.17 nm min~' at pH 10. Magnesium readily dissolves in
acidic environments via proton-driven anodic oxidation. This re-
action generates substantial amounts of Mg oxides and hydrox-
ides, as confirmed by deconvoluted XPS spectra at pH 4 after
0.5 h immersion (Figure S7, Supporting Information), while
its dissolution is suppressed in alkaline media due to the for-
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mation of a passivating Mg(OH), layer.*’] In contrast, silicon
exhibits limited reactivity under acidic conditions but under-
goes accelerated degradation in alkaline environments through
hydroxide-induced cleavage of the Si—O network, yielding solu-
ble silicates.'”] Given these opposing pH-dependent behaviors,
the dissolution kinetics of Mg, Si appear to be predominantly gov-
erned by the Mg component, particularly under physiological or
mildly acidic conditions. This trend is supported by XPS analy-
sis of Mg 2p spectra at pH 10 (Figure 2d), which reveals strong
signals corresponding to Mg—O (52.0 eV), Mg—(OH) (50.6 eV),
Mg(OH), (49.8 eV), and MgCO; (52.7 eV), indicating the accu-
mulation of mixed oxides and hydroxides on the film surface.l*8!
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Figure 2. Dissolution study of the Mg, Si thin films on various degradation conditions. a) Dissolution kinetics and mechanism under temperatures (3 °C,
blue; 25 °C, black; 58 °C, red). b) Arrhenius plot of dissolution kinetics under temperatures. c) Dissolution kinetics and mechanism under pH-controlled
solutions (pH 10, blue; pH 7, black; pH 4, red). d) Elemental deconvolution spectra of the Mg 2p (pH 10, 12 h). e) Dissolution kinetics and mechanism
under ionic solutions (1 M Na,HPOy, black; 1 m NaCl, red). f) Elemental deconvolution spectra of the Si 2p (Na,HPO,, 10 h).

Figure 2e shows that Mg, Si thin films exhibit faster dissolu-
tion in 1 M NaCl solution (2.80 nm min™') and the slower disso-
lution in 1 M Na,HPO, solution (0.28 nm min~'), compared to
DI water (0.39 nm min~') at 37 °C. The accelerated degradation
in NaCl is attributed to chloride ions disrupting the surface hy-
droxide layer, thereby weakening the passivation layer, and initiat-
ing pitting corrosion.[*>*°l Deconvolution spectra of Si 2p in 1 m
NaCl solution after 0.5 h of immersion (Figure S8, Supporting
Information) reveal the presence of silicon hydroxides and sub-
stoichiometric oxides, suggesting that chloride ions accelerate
the dissolution of Si-based surface species through enhanced hy-
drolysis and oxidative degradation pathways.[!! In contrast, phos-
phate ions in 1 m Na,HPO, promote the formation of insoluble
phosphate-based compounds that reinforce the passivation layer
and suppress further degradation.l®?! Figure 2f presents high-
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resolution XPS spectra after 10 h of immersion in Na, HPO, solu-
tion, confirming the distinct effects of phosphate ions on surface
chemistry. In phosphate-rich environments, the Si 2p spectra ex-
hibit peaks corresponding to SiO, (104.1 eV), Si(OH),, H,SiO,,
and Si;(PO,), (102.5 eV), indicating the formation of silicate—
phosphate complexes within the passivation layer.>3] These find-
ings collectively highlight the critical influence of environmen-
tal variables—including temperature, pH, and ionic species—on
both the rate and mechanism of Mg, Si degradation under aque-
ous conditions.

Figure 3 evaluates the biodegradation behavior of annealed
Mg, Si thin films (350 °C, 12 h) through quantitative dissolution
analysis in phosphate-buffered saline (PBS; 37 °C, pH 7.4) and in
vitro cytocompatibility assessment. Figure 3a shows that the lin-
ear dissolution rate in PBS is 1.24 nm min~! significantly higher
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Figure 3. Biodegradation and biocompatibility of the Mg,Si thin films. a) Thickness change profiles of the Mg,Si thin film patterns (0.7 x 0.7 mm,
250 nm thickness) as a function of immersion time. b) OM images (top row) and schematic diagram (bottom row) of cross-sectional view depicting
the dissolution process of the Mg, Si thin films in PBS (37 °C, pH 7.4). c) Wide scan of XPS spectrum of the Mg,Si thin films before (black) and after
90 min of PBS immersion (red). High-resolution deconvoluted spectrum of d) Si 2p and e) P 2p of the Mg,Si thin films after 90 min immersion. f)
Surface potential mapping of the Mg, Si thin films before (black) and after 90 min of PBS immersion (red) at 37 °C (scale bar, 0.5 um). g) Experiment
setup for cell viability test of the Mg, Si thin films (20 x 20 um, 300 nm thickness) using L929 cell (inset, side view of experimental setup). h) Series of
fluorescence images containing live/dead cell profiles in Mg, Si-dissolved culture solution (bottom rows) compared to the Ti control group (top row)
captured at time intervals of 24, 48, and 72 h after seeding (Scale bar,). i) Cell viability at different culture durations (24, 48, and 72 h).

than the rate observed in DI water (0.36 nm min~!). This accel-
erated degradation is attributed to the combined effects of chlo-
ride and phosphate ions in PBS. Chloride ions actively penetrate
and destabilize surface hydroxide layers, while phosphate ions
react with hydrolyzed Mg and Si species to form a chemically
complex, yet porous passivation layer composed of oxides, hy-
droxides, and phosphates.[**-3!] Figure S9 (Supporting Informa-
tion) presents time-sequential optical images of patterned Mg, Si
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thin films during dissolution, illustrating the progressive dis-
solution. Unlike the relatively stable phosphate-induced passi-
vation observed in Na,HPO, solution (Figure 2f), the surface
layer formed in PBS remains insufficient to fully suppress cor-
rosion. Figure 3b schematically illustrates the stepwise degrada-
tion process of Mg, Si thin films in PBS (37 °C, pH 7.4). Upon
immersion, hydrolysis and oxidation lead to the formation of
MgO, Mg(OH),, SiO,, and Si(OH),, accompanied by hydrogen
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evolution.['7 Over time, phosphate ions promote the formation
of MgHPO,, Mg(H,PO,),, and Si;(PO,),, resulting in a hetero-
geneous passivation layer. However, this layer only partially re-
tards degradation, as chloride ions continue to penetrate and dis-
rupt the surface, leading to the release of byproducts and ongoing
dissolution.[*] Although the degradation rate in PBS is markedly
higher than in DI water, it remains lower than that observed in
NaCl solution (1 m), likely due to the relatively low chloride con-
centration in PBS (0.14 m).

Surface chemical evolution during PBS-induced degradation
was further investigated using XPS. The wide-scan spectrum
(Figure 3c) reveals increased intensities of Mg 2p, Si 2p, P 2p,
and O KLL peaks following immersion, indicating the accu-
mulation of corrosion byproducts on the film surface.[*) High-
resolution XPS spectrum of Si 2p and P 2p (Figure 3d,e) con-
firm the presence of Si—O (100.3 eV), Si(OH),, H,SiO,, and
Si,(PO,), (102.5 eV), MgHPO, (132.9 V), Mg(H,PO,), (134.0
eV), and Si—P (133.5 eV), suggesting progressive interactions
between hydrolyzed Mg/Si species and phosphate ions in the
electrolyte.l*8%] To visualize the spatial distribution of the pas-
sivation layer, surface potential mapping was performed using
Kelvin probe force microscopy (KPFM, Figure 3f). After 90 min
of PBS immersion, corrosion byproducts—including oxides, hy-
droxides, and phosphates—were uniformly distributed across
the film surface, consistent with a heterogeneous but continuous
passivation layer.l**] Complementary SEM imaging illustrates the
morphological evolution of the Mg,Si thin films, revealing in-
creased surface roughness and residue accumulation after im-
mersion (Figure S10, Supporting Information). The presence of
these surface residues modulates the local electronic structure
and leads to an increase in surface work function, consistent with
previous reports on oxide-induced degradation layers.[>*!

The biocompatibility of Mg,Si thin films was assessed by
quantifying the viability of L929 fibroblast cells exposed to their
dissolution byproducts. A cytotoxicity assay based on cell viability
was conducted to evaluate the biological response to the degra-
dation products. Patterned Mg, Si dot arrays were fabricated on
plasma-treated SiO, substrates using photolithography with a
10 nm Ti adhesion layer and enclosed within polydimethylsilox-
ane (PDMS) wells to isolate the films from the surrounding cul-
ture medium during in vitro testing (Figure 3g). L929 cells were
seeded into the PDMS wells above the patterned films, followed
by the addition of culture medium. Cell viability was evaluated by
measuring the degree of cell attachment to the Mg, Si—patterned
glass substrate. Fluorescence imaging of live/dead-stained cells
revealed the spatial distribution of viable cells after 24, 48, and
72 h of incubation (Figure 3h). The relative viability of cells cul-
tured on Mg, Si thin films, compared to the Ti dot-patterned con-
trol group, exceeded 101% at 24 h, was 95% at 48 h, and recovered
to 101% at 72 h (Figure 3i). The slight reduction in viability ob-
served at 48 h may be attributed to cell detachment, likely caused
by limited adhesion between the dot patterns and the glass sub-
strate.

Figure 4a presents the results of Hall effect measurements
showing carrier concentration and mobility as functions of an-
nealing duration at a fixed temperature of 350 °C. These results
support a clear correlation between thermal processing and elec-
tronic transport behavior. The as-deposited amorphous Mg—Si
exhibited a carrier concentration of 2.23 x 103 cm™3 which in-
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creased to 7.46 x 10'° cm™3 after 4 h and 1.58 X 10”7 cm™ after
8 h of annealing, reaching a maximum of 3.80 x 10" cm™ at
12 h; these results indicate n-type conductivity of the Mg, Si. Hall
mobility increased from an initial value of 19.63 cm? V=1 s71 to
a maximum value of 97.13 cm? V-! s71 at 12 h, comparable to
polycrystalline Si (10200 cm? V~! s7!) at similar doping levels
(10'8-10" cm3).5>%¢] The increases in carrier concentration and
mobility with annealing duration are attributed to the crystalliza-
tion into polycrystalline Mg, Si, accompanied by the formation of
Mg-Si bonds.[>! Beyond the optimized annealing temperature
and duration, the carrier concentration and Hall mobility exhibit
a saturation trend at #1.97 X 10 cm=3 and 85.72 cm? V-1 57!

Figure 4b presents the electrical conductivity of Mg,Si thin
films as a function of annealing duration at 350 °C. The electrical
conductivity was estimated using the relation ¢ = e(ny, + pu,),
where n and p are the carrier concentrations and p,, u,
their respective mobilities obtained from Hall measurements
in Figure 4a. Both calculated and measured conductivities in-
creased consistently with annealing time. The measured conduc-
tivity rose from ~9.8 X 10~ S cm™! for the as-deposited film to
~80 S cm™! after 12 h of annealing, while the calculated values
followed a similar trend, increasing from 0.91 to 82 S cm~! The
close agreement between the two data sets confirms that charge
transport is primarily governed by electrons, with minimal hole
contribution. This behavior is likely associated with the intrinsi-
cally low hole density in n-type Mg, Si thin films, possibly arising
from self-doping effects or native defect states.l”’*8] Complemen-
tary time-domain thermoreflectance (TDTR) measurements con-
firm the thermal conductivity of the Mg, Si thin films. Figure S11
(Supporting Information) presents TDTR signals, the ratio of in-
phase to out-of-phase voltage, as a function of time delay, where
the annealed Mg, Si thin films (350 °C, 12 h) exhibit a higher ra-
tio signal compared to the as-deposited amorphous Mg—Si mix-
ture. This increase in ratio signal corresponds to an enhancement
in thermal conductivity from 1.1 to 1.6 W m~' K~! which is at-
tributed to the crystallization of Mg2Si thin films (Note S3, Sup-
porting Information).

The optoelectronic properties of Mg, Si thin films were evalu-
ated using UV-vis absorbance and ultraviolet photoelectron spec-
trum. Figure 4c shows the UV-vis absorbance spectrum of a poly-
crystalline Mg, Si thin film (%100 nm thickness), which displays
a strong band-to-band transition near 300 nm, along with broad
absorption spanning the near-UV to visible range. The absence
of sharp spectral features and a gradual decay toward the NIR
region suggest contributions from defect states and surface ox-
ides generated during deposition and annealing.>*%! In the long-
wavelength region, the extended absorption tail is attributed to in-
direct transitions and free carrier absorption, consistent with its
degenerate n-type behavior of Mg, Si.l°!l The optical bandgap was
determined by plotting Kubelka—Munk-transformed absorbance
spectra against photon energy. Tauc plots for indirect and direct
transitions yielded bandgap energies of 0.84 and 2.28 eV, respec-
tively (Figure 4d). The coexistence of indirect and direct bandgap
transitions indicates broadband optical activity, supporting the
applicability of Mg, Si in bioresorbable optoelectronic and ther-
moelectric systems.

Ultraviolet photoelectron spectroscopy (UPS) was employed to
analyze the surface electronic structure of the Mg, Si thin films
annealed at 350 °C for 12 h. This technique enabled probing
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Figure 4. Electronic and optoelectronic properties of the Mg, Si thin films. a) Annealing effect on carrier concentration (black) and Hall mobility (blue)
of the Mg, Si thin films under annealing time variations at 350 °C. b) Calculated (black) and measured electrical conductivities (red) of the Mg,Si thin
films under annealing time variations at 350 °C. c) Absorbance spectra of the Mg, Si thin films (350 °C, 12 h). d) Tauc plot of the Mg, Si thin films for
indirect and direct bandgap estimation. e) Ultraviolet photoelectron spectroscopy (UPS) profiles of the Mg, Si thin films deposited on an interfacial Au
layer for work function calibration. f) Enlarged UPS spectrum of cutoff (blue) and onset (green) binding energies for ionization energy and work function

estimation.

of the valence band edge and determination of the work func-
tion, probing the electronic alignment at the vacuum interface
(Figure 4e). As shown in Figure 4f, the magnified UPS spectrum
reveals a secondary electron cutoff at 17.71 eV and a valence band
onset at 4.48 eV.I°?] The first ionization energy, calculated as the
sum of these values, is x7.97 eV, while the work function is de-
termined to be 3.49 eV. Compared to representative biodegrad-
able inorganic semiconductors—such as polycrystalline Si (8.15,
4.61 eV), ZnO (7.73, 5.31 eV), amorphous IGZO (7.20, 4.30 eV),
and Ge (7.89, 4.76 eV)—Mg, Si exhibits slightly lower ionization
energy and work function. This result suggests a higher density
of occupied surface states near the Fermi level, potentially arising
from native oxides and atomic defects on the surface.[579.60]
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Mg, Si possesses potential for biodegradable thermoelectric
generator (TEG) applications due to its unique combination of
tunable, sufficiently high electrical conductivity and Seebeck co-
efficient, intrinsically low thermal conductivity, and favorable
dissolution properties.[®*! Previous Mg, Si-based TEG studies
have achieved higher figure of merit (ZT) values through high-
temperature sintering; however, such approaches are generally
less compatible with biodegradable device fabrication processes
that involve polymer substrates (Table S1, Supporting Informa-
tion). In contrast, our work demonstrates that measurable ther-
moelectric output can be achieved using only a low tempera-
ture annealing process, ensuring process compatibility with flex-
ible and biodegradable systems. Mg, Si thin film exhibits lower
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Figure 5. Thermoelectric properties of the B-doped Mg,Si thin films and the performance of the thermoelectric generator (TEG) based on them. a)

Schematic illustration and b) photographic image of the TEG device fabri
and a magnified view of an individual element (right). c) Temperature-depe

cated using the B-doped Mg,Si thin film, showing the entire device (left)
ndent Seebeck coefficient (black), electrical conductivity (red), and thermal

conductivity (blue) of the B-doped Mg, Si thin film. d) Calculated figure of merit (ZT) values of the B-doped Mg, Si thin films as a function of temperature.
e) Output voltage (black) and output power (blue) of the TEG measured under various temperature gradients. f) Decrease in output voltage (black) and
output power (blue) during PBS degradation at 37 °C. g) Sequential optical images illustrating the degradation of the B-doped Mg, Si thin film elements
in PBS at 37 °C. Error bars represent standard deviation (small and thus may be invisible at later time points).

electrical conductivity compared to the bulk form, but its re-
duced thermal conductivity offers effective thermoelectric oper-
ation. Figure 5 presents a TEG fabricated with B-doped Mg, Si
thin films. Figure 5a,b show the schematic layout and optical im-
age of the fabricated TEG, respectively. The TEG consists of 60
thermocouple pairs (B-doped Mg, Si, 200 nm thickness, n-type
legs; B-doped silicon, 200 nm thickness, p-type legs) and inter-
connects (molybdenum, ~#400 nm thickness). Besides Mg, Si, Si,
and Mo are likewise known to exhibit favorable biodegradation
characteristics.[172072] Detailed dimensional parameters and fab-
rication procedures are provided in Figures S12 and S13 (Sup-
porting Information). The device was fabricated on a thermally
insulating silicon oxide layer to suppress parasitic heat leakage.
The thin film geometry reduced lateral thermal conduction, while
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vertically elongated thermoelectric legs facilitated a well-defined
temperature gradient across the device.l”>7°]

Figure 5c shows the temperature-dependent variations in the
Seebeck coefficient, electrical conductivity, and thermal conduc-
tivity of B-doped Mg, Si thin films. While annealing enhanced
electrical properties, the inherently small grain size of polycrys-
talline Mg, Si reduced carrier mobility,’*7®! resulting in lower
electrical conductivity than sintered Mg, Si and limiting its di-
rect applicability in TEGs. Boron doping (molar ratio ~0.7) was
introduced to enhance electrical conductivity (~19-88 S cm™
at 300 K) by increasing the electron carrier concentration of
Mg, Si (Figure S14, Supporting Information). B-doped Mg, Si ex-
hibited n-type semiconducting behavior, with boron atoms sub-
stituting at magnesium sites and donating excess electrons.!””]
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With increasing temperature, the absolute value of the Seebeck
coefficient increased, while both the electrical and thermal con-
ductivities decreased—consistent with trends reported for sin-
tered Mg, Si.19¢7%%] The Seebeck coefficient of the polycrystalline
Mg, Si was comparable to that of sintered B-doped Mg, Si with
microscale grains, whereas the lower electrical conductivity was
due to reduced carrier mobility, and the lower thermal conduc-
tivity resulted from enhanced phonon-phonon scattering with in-
creasing temperature. Figure 5d presents the figure of merit (ZT)
calculated based on the measured thermoelectric parameters. A
maximum ZT value of ~#0.0357 was achieved at elevated temper-
atures. Although the ZT value is lower than that of sintered B-
doped Mg, Si, which typically exhibits a ZT of ~0.2, it surpasses
those of nanostructured silicon,!®) primarily due to the ultralow
thermal conductivity of the polycrystalline Mg, Si, which effec-
tively limits phonon-mediated heat transport.

The output characteristics of the TEG device based on B-
doped Mg,Si thin films demonstrate stable voltage genera-
tion and power output comparable to Si-based counterparts
(Figure 5e). A maximum output voltage of 202.53 mV and power
of 82.32 nW were achieved under a temperature difference of
100 K, corresponding to a calculated power output density of
0.338 uW cm™ K2, thereby demonstrating the viability of the
B-doped Mg, Si thin film for energy harvesting applications.

Electrical properties of biodegradable electronics inherently
degrade as their constituent components progressively decom-
pose in aqueous environments.!72% Fully biodegradable TEG
showed a rapid performance decline within 30 min when im-
mersed in PBS (pH 7.4, 37 °C) (Figure 5f). This behavior is at-
tributed to the rapid degradation of B-doped Mg, Si, as sequen-
tial degradation images clearly show that B-doped Mg,Si dis-
solves significantly faster than the other components (Figure 5g).
As degradation progressed, the Seebeck coefficient decreased,
resulting in a gradual loss of output voltage and a marked in-
crease in internal resistance. Consequently, the output power
dropped more significantly. Subsequent OM images of mate-
rial degradation confirmed the degradation of other components,
verifying the complete device dissolution (Figure S15, Support-
ing Information). The use of polybutylene adipate terephtha-
late (PBAT) encapsulation on the degradation process can pro-
long the performance duration (Figure S16, Supporting Informa-
tion). The B-doped Mg,Si thin film-based biodegradable TEGs
present distinct advantages among transient energy device plat-
forms by continuously harvesting power from ambient thermal
gradients without dependence on external stimuli or finite elec-
trochemical reactants. This intrinsic capability enables reliable,
maintenance-free operation in conditions where optical access,
mechanical excitation, or battery replacement are impractical
for photovoltaic/piezoelectric devices, and batteries. Accordingly,
our TEG-based energy harvesting demonstration establishes a vi-
able route toward sustainable, self-sufficient, and fully transient
electronic systems.

Mg, Si exhibits photoresponsive behavior owing to its intrinsic
bandgap characteristics.[*681:82] Compared to previous biodegrad-
able semiconductors, Mg, Si possesses a low indirect bandgap en-
ergy of ~0.84 eV, enabling efficient sensing of relatively longer
wavelengths.['1481-85] While most Mg,Si-based NIR photosen-
sors have been realized in photodiode configurations, in this
work, we adopted a light-dependent resistor (LDR) design to en-
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sure process compatibility with biodegradable soft substrates and
to highlight mechanical flexibility. Figure 6 illustrates the appli-
cation of a biodegradable photosensor device fabricated using
Mg, Si thin films. Figure 6a,b show a schematic layout and an
optical image of the device, respectively. The stack comprises an
Mg, Si active layer and serpentine Mo pads on a flexible PBAT
substrate, with a PBAT encapsulation layer to protect the device
from mechanical deformation and environmental degradation.
Notably, PBAT, used for the substrate and encapsulation layer,
is also known to possess excellent biodegradability, in addition
to the aforementioned materials.®¢%”] The serpentine geometry
of Mo pads increases the effective electrode—active-layer contact
area, thereby enhancing the photoresponse sensitivity.®! The de-
vice is configured as a 4 X 4 array to allow image mapping with-
out inter-element interruption; detailed dimensions and fabrica-
tion procedures are provided in Figures S17 and S18 (Support-
ing Information). The entire device is flexible and forms confor-
mal contact on curved surfaces owing to the inherent flexibility
of PBAT used for both substrate and encapsulation,3° and the
mechanical compliance of thin film Mo and Mg, Si (Figure 6¢).[!]

Figure 6d summarizes the photo-sensing characteristics as a
function of wavelength and light intensity. The increase of light
intensity leads to a monotonic decrease in resistance for all wave-
lengths due to an increased density of photo-generated carriers,
demonstrating reliable light intensity sensing across the tested
spectral range. Consistent with the result in Figure 2e, where
absorbance increases with decreasing wavelength, it is observed
that the resistance decreases more significantly at lower wave-
lengths. The resistance drops sharply at low light intensities and
then tapers off at higher intensities across all wavelengths, con-
sistent with saturation of carrier generation by optical absorp-
tion, which limits further resistance reduction.”?! A finite re-
sponse is observed in the NIR because Mg, Si possesses a low in-
direct bandgap of ~#0.84 eV; however, the thin film form of Mg, Si
(200 nm thickness) disfavors absorption of long-wavelength pho-
tons with long penetration depth, resulting in a lower NIR sensi-
tivity than that in the visible region.¥! In particular, when the
thickness of the Mg,Si thin films was increased to 1 pm, the
photosensitivity at 940 nm approximately doubled from 2.00 to
3.96, indicating enhanced photoresponse performance with a re-
sponse time of 1.88 s and a retention of 97.6% after 10 on/off cy-
cles (Figure S19, Supporting Information). Moreover, under this
condition, extended photoresponsivity was observed at longer
wavelengths ~1300 nm (Figure S20, Supporting Information).
In the visible range, the resistance under illumination at 10 mA
decreases to below one-fifth of the dark value, reflecting strong di-
rect transitions near the high direct bandgap. Figure 6e shows the
on/off switching of the photosensor under a white light-emitting
diode (LED) at 10 mA, where rapid resistance modulation indi-
cates a short response time. Repeated cycling produces negligi-
ble drift in the illuminated resistance, highlighting the opera-
tional stability of the optoelectronic device. Image mapping of
photosensor array was obtained by using the same white LED
(10 mA). Using a black-paper mask, only the illuminated pix-
els show pronounced resistance drops, yielding high selectivity
with minimal interpixel interruption and enabling reconstruc-
tion of target patterns (Figure S21, Supporting Information). To
demonstrate device robustness in mechanical deformation, we
verified the photoresponse of the flexibly configured Mg, Si thin

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWIWIOD 3A11e81D) 3ol dde ayy Aq peuienob a1e sajolie YO ‘SN JO S9N 0} Aeiq1T 8UlUO /8|1 UO (SUOHIPUOD-PUE-SWLBI 00" A 1M A eI 1[Bul [UO//SdNL) SUOTPUOD pUe SWie 1 84} 88S *[S5202/2T/80] Uo Akeiqiauljuo AB]IM ‘JO @Iniisu| feuolieN Ues|n AQ §608TSZ02 SAPR/Z00T OT/I0p/W0 A8 | Aeiq 1 pul|uo"psouenpe//sdiy WoJj pepeojumod ‘0 ‘vi8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANCEDR.

SCIENCE NEWS _—
www.advancedsciencenews.com www.advancedscience.com
a b

<4——— PBAT

Mo pad

Mg,Si
PBAT

c d
L White, 10 mA
6 Bl white sk e mm
B Green Light off
& B Red 5 "1
X 4l B NR < 41
[] []
Q (3]
c c
© 1]
z i
7] [7]
e 2} & 2r
Light on
Il 'l 'l Il L 'l o L Il L L
0 2 4 6 8 10 0 40 80 120
LED current (mA) Time (s)
e
White, 10 mA
. 5.80
460 g
=
[]
Q
340 §
@
2
220 %
1.00
Adv. Sci. 2025, e18093 e18093 (11 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWIWIOD 3A11e81D) 3ol dde ayy Aq peuienob a1e sajolie YO ‘SN JO S9N 0} Aeiq1T 8UlUO /8|1 UO (SUOHIPUOD-PUE-SWLBI 00" A 1M A eI 1[Bul [UO//SdNL) SUOTPUOD pUe SWie 1 84} 88S *[S5202/2T/80] Uo Akeiqiauljuo AB]IM ‘JO @Iniisu| feuolieN Ues|n AQ §608TSZ02 SAPR/Z00T OT/I0p/W0 A8 | Aeiq 1 pul|uo"psouenpe//sdiy WoJj pepeojumod ‘0 ‘vi8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

film-based optoelectronic device after repeated bending cycles of
10 000. Samples were prepared with a transfer process of the
Mg, Si thin film (200 nm thickness) onto a PBAT substrate in a
rod-shaped geometry (4 x 0.25 cm). The sample was subjected
to bending cycles of 5000 with a bending radius of 2 cm. After
the bending test, the initial resistance increased moderately from
10.13 to 13.24 kQ, while the photosensitivity under white-light il-
lumination changed only slightly from 4.55 to 4.47, indicating
that the device retained sufficient functionality as a photoresistor
even after extensive mechanical deformation (Figure S22, Sup-
porting Information). These results underscore the suitability of
biodegradable polycrystalline Mg, Si for transient image-sensor
applications; further miniaturization of individual sensing ele-
ments and array expansion should improve spatial resolution.
Overall, the Mg, Si-based photosensor presented in this work
demonstrates a promising route toward an eco-friendly transient
optoelectronic platform that simultaneously achieves mechanical
flexibility, stable photoresponse, and complete biodegradability
(Figure S23, Supporting Information).

3. Conclusion

In conclusion, this study introduces magnesium silicide (Mg, Si)
as a promising candidate for narrow-bandgap, biodegradable
inorganic semiconductor thin films suitable for transient elec-
tronic systems. Polycrystalline Mg, Si thin films were synthe-
sized through optimized conditions for sputtering and thermal
annealing processes. The films exhibited hydrolysis behavior in
both ionic solutions and PBS environments, with a dissolution
rate analysis and byproduct characterization confirming safe and
predictable biodegradation. With an indirect bandgap energy of
~0.84 eV, the polycrystalline Mg, Si thin films demonstrated n-
type electrical conductivity and thermal conductivity. Leveraging
these electrical and thermal properties, thermoelectric genera-
tors and photosensors were fabricated to validate ist integration
feasibility at the device scale. The confirmed functional opera-
tion, together with the demonstrated compatibility of the Mg, Si
thin films with standard photolithographic patterning, highlights
its potential as a narrow-bandgap, biodegradable semiconduc-
tor for use across a broad range of transient electronic appli-
cations. Overall, Mg, Si offers strong potential to replace con-
ventional wide-bandgap materials, particularly for advancing the
functional capabilities of biodegradable electronics in energy-
harvesting and broadband optoelectronic systems. Although our
system demonstrates robust performance, its ability to convert
ubiquitous thermal gradients into stable electrical output further
underscores its promise as a core material platform for develop-
ing self-sustaining and transient electronic systems.

4. Experimental Section

Fabrication of Polycrystalline Mg,Si Thin Films: Biodegradable Mg,Si
thin films were prepared by using a magnetron sputtering system (J Vac-

www.advancedscience.com

uum Technology, Republic of Korea). The chamber was evacuated to a base
pressure below 5 X 107 Torr. The films were deposited at a working pres-
sure of 5 mTorr, RF deposition power of 100 W for Mg,Si and B-doped
Mg, Si (99.99%, 2-inch diameter, 0.5-inch thickness, KRT Metals, Republic
of Korea), and deposition duration of 10-30 min with the substrate holder
rotation of 4 rpm for film homogeneity. For the polycrystalline Mg, Si, the
thin films were annealed in a thermal chemical vapor deposition (Thermal
CVD, ScenTech, Republic of Korea) at 250-350 °C under a constant Ar flow
of 3 scem for 4-24 h.

Crystallographic Analysis of Mg,Si Thin Films: Grazing incident X-ray
diffraction (GI-XRD) patterns were obtained using an XRD diffractometer
(D8 Advance, Bruker, USA) with a CuKa radiation across an angular range
of 20-80° in 0.02° increments to ascertain the crystal orientation of the
Mg, Si thin films. The crystal microstructures and phases were confirmed
using spherical aberration—corrected scanning transmission electron mi-
croscopy (CSTEM; Themis Z, Thermo Fisher Scientific Inc., USA) to obtain
high-angle annular dark-field (HAADF) imaging in scanning TEM (STEM)
mode. Furthermore, lamina sample preparation of the Mg,Si thin films
deposited on the Si(100) was prepared and observed by using focused-
ion beam (FIB; Helios 5 UC, FEI Inc., USA). Grain size determination was
manually conducted from the high-resolution transmission microscopy
(HRTEM) images by dividing the number of intersections by the actual
line length in the HRTEM image (grain size average = 1/number of inter-
sections/actual length of the line). The surface morphology and potential
distribution were observed by scanning electron microscopy (SEM; MER-
LIN Compact, ZEISS, Germany) and atomic force microscopy (AFM; NX-
10, Park Systems, Republic of Korea).

Biodegradation Test in Compost: The compost used for the biodegra-
dation test of the Mg, Si-based photosensor array consisted of 25 wt.% of
swine manure, 15 wt.% of chicken manure, 15 wt.% of sawdust, 20 wt.%
of natural leaf mold, 18 wt.% of coco peat, 4 wt.% of zeolite, and 3 wt.%
of soil microorganisms. The moisture content was adjusted by mixing the
compost with deionized water at a 1:1 weight ratio after drying to achieve a
100% water-holding capacity. The biodegradation process was conducted
under an oxygen-supplied aerobic environment to ensure sufficient micro-
bial activity during composting. All experimental procedures for the com-
posting test were performed in compliance with the national standard 1ISO
14855-1.

Optical Properties of Mg,Si Thin Films: Absorbance spectrum of the
Mg,Si thin films was obtained using UV-vis spectroscopy (LAMBDA
1050+, PERKIN ELMER, USA), ranging from 300 to 1600 nm. The ele-
mental compositions of the Mg,Si thin films were analyzed by XPS (Ver-
saProbe IlI, ULVAC-PHI Inc., Japan) conducted using a monochromatic
X-ray source induced by 12 kV and 18 mA Al Ka radiation on the Mg,Si
thin films. After Art sputtering to a depth of 5-20 nm from the surface,
the oxygen content was found to be 2-5 at%. The relative contents of the
alloy elements were calculated using the deconvolution of the obtained
XPS peaks. Raman spectroscopy (LabRAM HR Evolution, HORIBA, Japan)
was used to acquire the Raman spectrum of the as-deposited Mg—Si
and annealed Mg,Si thin films on different vibration modes. Ultravio-
let photoelectron spectroscopy (UPS) measurements were conducted in
an ultrahigh vacuum system (VersaProbe I11) with an operating pressure
of 4 x 107° Torr. UV light was generated using lamp operated at 5 x
1073 Torr and 1 A emission to maximize He | radiation at 21.2 eV. The
He I:He Il intensity ratio was ~5000:1. The sample normal was oriented
toward the electron detector. Work functions were determined by identify-
ing the secondary electron cut-off (SECO) energy in UPS. This was iden-
tical to measuring the photoemission total band width with the sample
grounded and Fermi energy fixed to 21.2 eV kinetic energy (0 eV bind-
ing energy). The Fermi energy position was calibrated with a sputtered Au
sample.

Figure 6. Performance of a photo-resistive optoelectronic device based on polycrystalline Mg, Si thin film. a) Schematic illustration and b) photographic
images of the Mg,Si thin film-based photosensor, showing the entire device (up) and its conformal contact to the curved surface (down). c) LED
current-dependent resistance change under white (400-800 nm, black), green (527 nm, green), red (630 nm, red), and NIR (940 nm, wine) light. d)
On/off switching behavior of the photosensor under white LED at 10 mA of LED current. €) Photo-imaging of the Mg,Si thin film-based photosensor

array displaying the letters “S”, “N”, and “U”.
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Tauc Plotting: Tauc conversion of the absorbance spectrum of the
Mg, Si thin films was conducted by using the following equation:

(aV)V":A(hV—Eg) (M

where h is plank’s constant, v is the photon’s frequency, a is the absorp-
tion coefficient, E, is the band gap, and A is a proportionally constant.
The value of the exponent denotes the nature of the electronic transition,
whether allowed or forbidden, and whether direct or indirect (n = 1/2 for
direct transition, n = 2 for indirect transition).

Electronic Properties of Mg,Si Thin Films: Carrier concentration and
Hall mobility were investigated using a Van der Pauw Hall measurement
instrument (HL5500PC, Nanometrics, Canada) under a magnetic field up
to 500 mT with a 20 mV target current. n and u were determined by n =
1/eR and u = oR, respectively.

Cell Culture: 1929 cells were cultured in Dulbecco’s Modified Ea-
gle Medium (DMEM; Welgene, Republic of Korea) supplemented with
10% fetal bovine serum (FBS; VWR International, USA) and 1% peni-
cillin/streptomycin (Gibco, USA). The cells were maintained in a humidi-
fied cell incubator at 37 °C and 5% CO, atmosphere. Cells were detached
at ~80% confluence from the culture dish using a 0.05% trypsin-EDTA so-
lution (Gibco) and seeded onto samples at a density of 5 x 10° cells cm—2

Cell Viability:  The viability of L929 was evaluated by Cell Counting Kit-
8 (CCK-8; Dojindo, Japan) and Live/Dead staining (Invitrogen, USA) at
24, 48, and 72 h. For the CCK-8 assay, 10% CCK-8 solution was added
to each well, followed by a 2 h incubation. Absorbance was measured at
450 nm using a microplate reader (Promega, USA). The Live/Dead assay
was performed using Calcein AM and Ethidium homodimer-1 to stain live
and dead cells, respectively. A staining solution was prepared by adding
2 ulL of the Calcein AM and 8 pL of the Ethidium homodimer to 4 mL of
Dulbecco’s phosphate-buffered saline (DPBS; Welgene). The solution was
added to the cell-seeded samples and incubated for 30 min at room tem-
perature. Stained cells were then imaged using a fluorescence microscope
(IX71, Olympus, Japan) with dead cells stained in red and live cells stained
in green.

Thermoelectric Property Measurements: The Seebeck coefficient was
determined by applying a temperature gradient across the thin film and
measuring the resulting voltage using a Keithley SourceMeter (Model
2612B, USA). The Seebeck coefficient was then calculated based on the
temperature-dependent Seebeck voltage. Electrical conductivity was mea-
sured using the standard four-probe method (M4P302, MStech, Republic
of Korea) with a Keithley SourceMeter (Model 2450). The thermal conduc-
tivity was calculated using the following equation:

k =pC,a ()

where p is the material density, C, is the specific heat capacity, and a is the
thermal diffusivity. In this study, the density of Mg, Si was measured us-
ing a spectroscopic ellipsometer (M-2000DlI, |.A. Woollam Co., Inc., USA),
the heat capacity was measured using a differential scanning calorimeter
(Discovery DSC 25, TA Instruments, USA), and the thermal diffusivity was
obtained using a laser flash analyzer (LFA 467, NETZSCH, Germany).
Fabrication of the Thermoelectric Device and Thermoelectric Characteri-
zation: The thermoelectric device was fabricated following the process
illustrated in Figure S13 (Supporting Information). To suppress heat con-
duction into the substrate, oxide wafers consisting of Si with a~1um SiO,
layer (KRTLAB, Republic of Korea) were used. Amorphous silicon was first
deposited onto the wafer via sputtering (] Vacuum Technology), followed
by spin-coating of a boron dopant solution (Filmtronics, USA). Doping
was carried out via thermal diffusion at 1050 °C. The resulting thermal
oxide was subsequently removed using HF (SAMCHUN, Republic of Ko-
rea) and nano-strip solution (CMCMaterials, USA). To define the p-leg re-
gions, AZ5214 positive photoresist (Merck Performance Materials, Ger-
many) was patterned using an aligner (MDA-400S, MIDAS, Republic of
Korea), followed by isolation etching with a reactive ion etcher (JVI9RIE-
8AP, | Vacuum Technology, Republic of Korea) using SFg gas. The n-leg
regions were then patterned using AZ2070 negative photoresist (Merck
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Performance Materials, Germany) and the same aligner. B-doped Mg,Si
was deposited via sputtering, and lift-off was performed in acetone. The
deposited Mg, Si was annealed at 350 °C for 12 h. Subsequently, the metal
pads and interconnects were defined by repeating the photolithography
process using AZ2070 negative photoresist and the aligner. Molybdenum
was deposited by sputtering and patterned using lift-off to complete the
fabrication of the thermoelectric device. The thermoelectric performance
was measured using a Keithley SourceMeter (Model 2450) under a defined
temperature gradient generated by a heat source. For each temperature
condition, the performance was evaluated using three different samples.
The degradation tests were conducted in PBS solution at 37 °CC, also us-
ing three independent samples.

Fabrication of the Optoelectronic Device and Optoelectronic Character-
ization: The device was fabricated as illustrated in Figure S18 (Sup-
porting Information). A polyimide (poly(pyromellitic dianhydride-co-4,4’-
oxydianiline), Sigma-Aldrich, USA) was spin-coated onto Si wafers and
thermally cured at 150 °C for 5 min followed by 220 °C for 1 h. Mg,Si el-
ement regions were defined by photolithography using AZ2070 negative
photoresist and an aligner. Mg,Si was deposited by sputtering, and lift-
off was performed in acetone. The deposited Mg,Si was then annealed
at 350 °C for 12 h. Subsequently, metal pads and interconnects were pat-
terned by repeating the photolithography steps with AZ2070 and the same
mask aligner; molybdenum (Mo) was deposited by sputtering and pat-
terned by lift-off. For release and transfer, the entire device on the poly-
imide was retrieved using polydimethylsiloxane (PDMS) stamping. The
polyimide layer on the PDMS stamp was removed by O, reactive ion etch-
ing. The released device was transfer-printed onto a polybutylene adipate
terephthalate (PBAT) film preheated to 110 °C, and a PBAT encapsulation
layer was spin-coated to complete the device. Device performance was
evaluated inside a light-tight enclosure lined with black paper to block am-
bient illumination. Photocurrent was recorded using a Keithley SourceMe-
ter (Model 2450) under light-emitting diode (LED; infrared; XTNI12BF,
SunLED, USA; red, WP7113LSURDK, Kingbright, USA; green and white,
LKP0585, LK Embedded Lab, Republic of Korea) illumination while varying
the emission wavelength and drive current. The photocurrent measure-
ments were performed for each emission wavelength and drive current
condition, using three distinct samples to ensure reproducibility. On/off
switching characteristics were obtained by modulating the LED. For imag-
ing/mapping measurements, a black paper mask was placed on the de-
vice surface, and the array response under patterned illumination was ac-
quired.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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