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Ultrathin, Transferred Layers of Silicon Oxynitrides as
Tunable Biofluid Barriers for Bioresorbable Electronic
Systems
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Zheng Qiao, Yue Xu, Greg Haugstad, Dongqi An, Zhaoqian Xie, Irawati Kandela,
Khizar R. Nandoliya, Yu Chen, Yi Yu, Qunyao Yuan, Junyu Hou, Yujun Deng,
Abdulaziz H. AlDubayan, Quansan Yang, Liangsong Zeng, Di Lu, Jahyun Koo, Wubin Bai,
Enming Song, Shenglian Yao, Chris Wolverton,* Yonggang Huang,* and John A. Rogers*

Bio/ecoresorbable electronic systems create unique opportunities in
implantable medical devices that serve a need over a finite time period and
then disappear naturally to eliminate the need for extraction surgeries. A
critical challenge in the development of this type of technology is in materials
that can serve as thin, stable barriers to surrounding ground water or
biofluids, yet ultimately dissolve completely to benign end products. This
paper describes a class of inorganic material (silicon oxynitride, SiON) that
can be formed in thin films by plasma-enhanced chemical vapor deposition
for this purpose. In vitro studies suggest that SiON and its dissolution
products are biocompatible, indicating the potential for its use in implantable
devices. A facile process to fabricate flexible, wafer-scale multilayer films
bypasses limitations associated with the mechanical fragility of inorganic thin
films. Systematic computational, analytical, and experimental studies
highlight the essential materials aspects. Demonstrations in wireless
light-emitting diodes both in vitro and in vivo illustrate the practical use of
these materials strategies. The ability to select degradation rates and water
permeability through fine tuning of chemical compositions and thicknesses
provides the opportunity to obtain a range of functional lifetimes to meet
different application requirements.
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1. Introduction

The rapid proliferation of electronics with
lifetimes that significantly exceed their ac-
tual periods of use leads to the creation of
millions of tons of solid electronic waste
each year, with associated management
challenges. Physically “transient” electron-
ics, constructed using materials that are wa-
ter soluble to environmentally benign end
products, addresses this problem through
disappearance in natural environments as
part of a disposal process that imposes
minimal impact.[1–5] Related types of tran-
sient electronic devices can also serve as
medical implants for sensing, monitoring,
stimulating, and providing other forms of
functionality over an operating period that
matches to a biological process such as
wound healing.[6–9] Afterward, the devices
disappear naturally in the body without
a trace, to eliminate the need for extrac-
tion surgeries. Recent research highlights

H. Guo, J. Shen, Z. Qiao, A. H. AlDubayan, C. Wolverton, J. A. Rogers
Department of Materials Science and Engineering
Northwestern University
Evanston, IL 60208, USA
E-mail: c-wolverton@northwestern.edu
R. Li, D. An, Z. Xie
State Key Laboratory of Structural Analysis
Optimization and CAE Software for Industrial Equipment
Department of Engineering Mechanics
and International Research Center for Computational Mechanics
Dalian University of Technology
Dalian 116024, P. R. China
Y. Wang, Y. Xu, J. A. Rogers
Department of Biomedical Engineering
Northwestern University
Evanston, IL 60208, USA

Adv. Mater. 2024, 36, 2307782 2307782 (1 of 14) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:jrogers@northwestern.edu
mailto:jiezhao@fudan.edu.cn
https://doi.org/10.1002/adma.202307782
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:c-wolverton@northwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202307782&domain=pdf&date_stamp=2024-02-11


www.advancedsciencenews.com www.advmat.de

a range of transient materials options in metals (Mg, Zn, Mo, Fe,
and W), inorganic semiconductors and dielectrics (Si, SiO2, and
oxides of some biodegradable metals), and polymer substrates
and coatings (poly(lactic-co-glycolic acid) (PLGA), polycaprolac-
tone, etc.).[10–12] A remaining challenge is in the development of
encapsulating materials as water barriers for applications that de-
mand stable operation for timescales ranging from a few days to a
few weeks. Polymer thin films commonly used in packaging ma-
terials, especially in the food industry, can offer some utility but
their water permeability and tendency to swell upon exposure to
water represent severe disadvantages for applications in transient
electronics.[13,14] These challenges are particularly pronounced
when such materials are used as thin films with micrometer-
scale thicknesses, where specific values for water permeability
range from 102 to 100 (g m−2) day−1.[15] Natural wax materials
can serve effectively as hydrophobic encapsulation layers that
maintain performance of underlying devices for up to two weeks
in phosphate buffer solution (PBS; pH = 7.4) at 37 °C.[16] Fur-
ther studies are required, however, to improve the flexibility of
natural wax without compromising its barrier properties. In ad-
dition, given the complex composition of natural wax materi-
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als, the degradation rates, and mechanisms are still unclear.[16,17]

Our previous studies show that polyanhydride-based biodegrad-
able polymers have the ability to sustain operation of underly-
ing biodegradable electronic systems for durations between a few
hours to a week while fully immersed in aqueous solutions that
approximate physiological conditions.[18] Matching the operat-
ing times of biodegradable electronic systems with those of slow
(weeks) biological processes such as wound healing requires,
however, encapsulation materials with improved water barrier
properties.

Inorganic materials provide attractive alternatives. Monocrys-
talline, device-grade silicon in ultrathin forms (i.e., mi-
cro/nanomembranes) can dissolve at various rates in different
types of biofluids as well as in seawater and other naturally occur-
ring forms of water.[19,20] The main dissolution product, silicic
acid, is biocompatible and environmentally benign at the low lev-
els of concentration created by silicon in micro/nanomembrane
form.[21,22] A key limitation of this approach is that the mi-
cro/nanomembranes typically derive from silicon on insulator
wafers that are expensive and difficult to scale to large areas.
Silicon oxides (SiOx) and silicon nitrides(SiNx) formed by
plasma-enhanced chemical vapor deposition (PECVD) represent
additional options,[23,24] but published reports suggest that thin
films of such materials provide effective barrier function only for
several days in ambient conditions. Data captured from organic
light-emitting diode encapsulated with these materials indicate
that pinholes are a primary cause of leakage of gases or liquids.
Moreover, these pinholes can also lead to low fracture toughness
and poor electrical insulation.[25] Dense films of silicon dioxide
grown by thermal processes on silicon wafers offer the necessary
performance to serve as long-lived barriers to biofluids, with sta-
ble operation across timescales that approach 70 years even for
films with sub-micrometer thicknesses.[26] A disadvantage is that
the rates for dissolution are too slow (0.04 nm day−1 at 37 °C) for
most envisioned applications in transient electronics. Also, ther-
mally grown SiO2 permits diffusion and accumulation of some
species of ions in biofluids, with negative effects on the proper-
ties of many types of electronic devices.[26] These circumstances
motivate the development of alternative inorganic thin-film
materials.

Here, we introduce a class of biodegradable inorganic ma-
terial (silicon oxynitride, SiON) formed by PECVD with con-
trolled compositions in thin films that can serve as stable
biofluid barriers for timescales as long as months. As with sili-
con micro/nanomembranes and the PECVD materials described
above, the main dissolution product is silicic acid, which is
biocompatible.[23] Facile routes to flexible, large-area, transpar-
ent trilayer assemblies yield encapsulating structures with good
mechanical toughness. Demonstrations in wireless LEDs de-
vices both in vitro and in vivo illustrate the practical use of
these trilayer encapsulating materials in transient electronics.
Furthermore, the composition of the SiON can be fine-tuned to
achieve desired dissolution rates and water barrier properties,
aligned with required operating times for biodegradable elec-
tronic systems in nerve regeneration (≈2 weeks)[27] and bone
healing (1–2 months).[28,29] The optical transparency of these
materials creates additional opportunities in bioresorbable op-
toelectronics, with potential for use in implantable optogenetic
devices.[30]
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Figure 1. Properties of PECVD SiOxNy thin films. a) Cross-sectional TEM images of SiON 1 on a Si wafer (Si sub.). b) Cross-sectional TEM images
of LPCVD SiNx films. c) 2D and 3D AFM images of SiON 1. Surface roughness: Ra = 0.79 nm. d) 2D and 3D AFM images of LPCVD SiNx. Surface
roughness: Ra = 1.06 nm. Scanning area: 10 μm × 10 μm. e) XPS analysis of different PECVD thin films. f) FTIR of LPCVD SiNx, PECVD SiNx, PECVD
SiNx baked at 800 °C, and different SiON films. Inset shows the H bond of different films. g) Depth profiles of the hydrogen distribution in SiON 1–4
and LPCVD SiNx films on Si wafers. The thicknesses of SiON 1–4 and LPCVD SiNx films are 490 nm (red line), 520 nm (green line), 655 nm (blue line),
540 nm (cyan line), and 580 nm (light magenta line), respectively. The atomic percentages of hydrogen in SiON 1–4 and LPCVD SiNx films are 10.3%,
15.8%, 19.3%, 25.7%, and 0.3%, respectively. Thin lines are experimental data and bold lines are fitting results using the Fourier transform smoothing
function of a commercial software package (Origin). h) Average stresses for different PECVD thin films grown on Si wafers. i) Hardness of SiON 1–4
and LPCVD SiNx films. j) Reduced elastic modulus of SiON 1–4 and LPCVD SiNx films. The film thickness of SiON 1–4 and LPCVD SiNx ranges from
520 to 655 nm. (i,j) Results are presented as mean ± standard deviation (n ≥ 4).
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2. Results and Discussions

2.1. Fabrication and Characterization of PECVD SiOxNy

Figure 1a,b shows the morphologies of PECVD SiON 1 and low-
pressure chemical vapor deposition (LPCVD) SiNx thin films
characterized using transmission electron microscopy (TEM).
The images indicate that both SiON 1 and LPCVD SiNx have
amorphous structures and that LPCVD SiNx is denser than SiON
1. 2D and 3D atomic force microscope images reveal the sur-
face roughness of SiON 1–4 and LPCVD SiNx films, as shown in
Figure 1c,d and Figure S1 (Supporting Information). The results
indicate that the surfaces of films of SiNx deposited by LPCVD
(average surface roughness, Ra = 1.06 nm, Figure 1d) is slightly
rougher than those of SiON films formed by PECVD (Figure 1c;
Figure S1 Supporting Information: SiON 1, Ra = 0.79 nm; SiON
2, Ra = 0.64 nm; SiON 3, Ra = 0.75 nm; SiON 4, Ra = 0.69 nm).
Comparisons of the properties and performance characteristics
of silicon oxide, nitride, and oxynitride thin films formed on Si
wafers via PECVD appear in Table 1.

The compositions of these materials follow from the propor-
tion of the reacting gases, including SiH4, N2O, and NH3 (Table
S1, Supporting Information). X-ray photoelectron spectroscopy
(XPS) reveals the relative presence of oxides, nitrides, and oxyni-
trides (Figure 1e). SiOxNy films synthesized from recipe 1 to
4 show a nitrogen content that ranges from 6.54% to 29.4%
(Table 1). Fourier-transform infrared spectroscopy (FTIR) re-
veals the surface chemical properties (Figure 1f) in terms of
the amount of hydrogen bonds (N─H and Si─H) in LPCVD
SiNx, PECVD SiNx, and PECVD SiON. The findings correlate
with the completeness of the reaction with ammonia. Suppres-
sion of the Si─H peak in films of SiNx formed by LPCVD fol-
lows from the slow and complete reaction of the source gases
at high temperatures (800 °C). From SiON 1 to SiON 4, the in-
creased growth rates also lead to increases in the amount of hy-
drogen bonds (N─H) in the films. The hydrogen concentration
in SiON 1–4 and LPCVD SiNx films as a function of film thick-
ness, as in Figure 1g, show that the atomic percentages of hy-
drogen in SiON 1–4 and LPCVD SiNx films are 10.3%, 15.8%,
19.3%, 25.7%, and 0.3%, respectively, measured using elastic re-
coil detection (ERD).[31] From SiON 1 to SiON 4 with increas-
ing N (the N2O flow increases in fabrication conditions), the
atomic percentage of hydrogen increases, while films of LPCVD
SiNx show negligible hydrogen. The FTIR spectra and ERD re-
sults confirm that PECVD SiON films are hydrogenated, i.e.,
SiON:H, which reacts with water molecules, and that the distri-
bution of hydrogen is uniform throughout the film. These sur-
face hydrogen bonds have a strong effect on the rate of hydrolysis
reactions.

The average residual stresses for films of PECVD SiOx, SiON
1, SiON 2, SiON 3, SiON 4, and SiNx on Si wafers are −288,
−45, 90, 150, 218, and 208 MPa, respectively (Figure 1h). As an
intermediate phase between oxides and nitrides, SiON can be
formed with a range of residual stresses, densities, and refrac-
tive indices by controlling the relative proportions of the reaction
gases and the ratio of high and low frequency radio frequency
power used during the deposition process (Table S2, Supporting
Information). Figure 1i,j presents the hardness and reduced elas-
tic modulus of SiON 1–4 and LPCVD SiNx, respectively, based

on the load–displacement curves (Figure S2, Supporting Infor-
mation) of films characterized using nanoindentation.[32] The
hardness and modulus of LPCVD SiNx are 30.9 ± 0.9 and 229.
6 ± 11.3 GPa, respectively. The hardness of SiON 1–4 films is
10.5 ± 0.3, 10.4 ± 0.9, 11.8 ± 0.8, and 12.8 ± 1.1 GPa, and
the modulus of SiON 1–4 films is 86.8 ± 1.9, 84.0 ± 3.3, 96.8
± 1.6, 102.2 ± 2.4 GPa, respectively, both showing an increase
with an increase of N content. These values and the observed
trends of hardness and modulus that increase with film re-
fractive index (Table 1) are in good agreement with previous
reports.[33]

In vitro studies with human cortical neuron cell lines (HCN-2)
serve as initial evaluations of the biocompatibility of these materi-
als. Experiments involve placing disk-shaped samples of LPCVD
SiNx, PECVD SiNx, and PECVD SiON thin films grown on sil-
icon wafers into the wells of a 96-well plate with a density of
20 000 cells per well. After incubating neuron cells with these
films for 48 h, cell viability results show no significant differ-
ences (P = 0.240, Kruskal–Wallis test, GraphPad Prism). These
results confirm the cell-level biocompatibility of these silicon-
based inorganic thin films (Figure S3, Supporting Information).
The chronic effects of film degradation (4 weeks) in the context
of uses in implants are revealed in the following in vivo biocom-
patibility studies.

2.2. Measurements of Dissolution Kinetics in PBS

Measurements in phosphate-buffed saline (PBS, pH = 7.4) at five
temperatures (T, Figure 2a: 25 °C; Figure 2b: 37 °C; Figure 2c: 70
°C; Figure 2d: 80 °C; Figure 2e: 96 °C) define the dissolution rates
of SiOxNy films with various compositions, from recipe 1 to 4
(Table S1, Supporting Information). The rates for the four SiOxNy
films and their dependence on T appear in Figure 2f, consistent
with an exponential dependence on 1/T as expected based on an

Arrhenius scaling relationship: k = Ae−
Ea

kBT , where A is the pre-
exponential factor, Ea is the activation energy, and kB is the Boltz-
mann constant. The calculated activation energies lie within a
range (0.71, 0.77, 0.77, 0.70 eV for SiON 1–4) consistent with sil-
ica (0.48–1.11 eV)[26] and with silicon nitrides (0.54–1.14 eV)[34,35]

in deionized water or other aqueous media such as solutions of
NaCl. The measured average dissolution rates at 37 °C are 7.5,
10.1, 12.2, and 21.3 nm day−1 for SiON 1 to 4, respectively, which
are much higher than those of previously reported inorganic bar-
rier materials, such as thermally grown silicon oxide (≈0.04 nm
day−1)[26] and LPCVD SiNx (≈0.3 nm day−1).[36] Reflectometry de-
fines the thicknesses of the SiOxNy films during the dissolution
tests. Cross-sectional scanning electron microscope (SEM) im-
ages illustrate the decrease in thickness, as in Figure 2g (0, 5,
and 10 h for SiON 4, 80 °C PBS). Measurements of average dis-
solution rates in deionized water and Dulbecco’s modified Eagle
medium (DMEM, a commonly used growth medium for cells) at
96 °C are in Figure S4 of the Supporting Information. The rate
increases from SiON 1 to SiON 4 (see details in Figure S4, Sup-
porting Information), consistent with trends observed in PBS.
Furthermore, the results of dissolution of SiON 1 formed with
different residual stress values through control over the growth
conditions, also measured at 96 °C, are in Figure S5 of the Sup-
porting Information, with other related details in Table S2 of the

Adv. Mater. 2024, 36, 2307782 2307782 (4 of 14) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Composition, mass density, and refractive index of PECVD SiON 1–4 and LPCVD SiNx.

Items Atomic percentage [%] Mass density
[g cm−3]

Refractive index
at 633 nm

Si O N

PECVD
SiH4 + N2O → SiOx (+H2 + N2)
SiH4 + NH3 → SiNx (+H2)
SiH4 + N2O + NH3 → SiOxNy (+H2 + N2)

SiOx 37.0 63.0 0 1.52 1.47

SiON 1 39.2 54.3 6.5 2.23 1.52

SiON 2 40.2 47.4 12.4 2.34 1.56

SiON 3 41 39.2 19.8 2.38 1.60

SiON 4 41.9 28.7 29.4 2.43 1.67

SiNx 53.8 2.4 43.8 2.70 2.13

LPCVD SiNx 51 0.2 48.8 3.10 2.19

Supporting Information. The dissolution rates show no signifi-
cant dependence on stress.

Figure S6 of the Supporting Information summarizes the pa-
rameters of a theoretical model of reactive diffusion for these dis-
solution processes. Since the initial thicknesses are much smaller
than the in-plane dimensions, a 1D treatment can capture the be-
haviors. Figure S6a of the Supporting Information illustrates a
single layer model of a thin film barrier with an initial thickness
hBarrier in PBS solution (see details in the Supporting Informa-
tion). Figure S6b–f of the Supporting Information sequentially
presents theoretical (lines) and measured (dots) changes in thick-
ness of different barriers in PBS solution at various temperatures,
i.e., 25, 37, 70, 80, and 96 °C. The theoretically predicted disso-
lution rates of SiON 1–4 versus temperature (Figure S7a, lines,
Supporting Information) agree with the measurements (dots).
Figure S7b of the Supporting Information shows the lifetimes
of SiON 1–4 at 37 °C, indicating an approximately linear depen-
dence on the initial thickness. The previously described experi-
ments and simulation results identify that diffusion through the
SiON is negligible and that the hydrolysis process is the essential
cause of eventual failure.

2.3. Density-Functional Theory (DFT) Simulation of Amorphous
PECVD SiON

Results of DFT simulation provide some insights into the sta-
bility of PECVD SiON with different compositions. The amor-
phous structures can be simulated by relatively small super-
cells based on the special quasirandom structure (SQS) method.
Ground state SiO2 (space group I-42d) serves as the initial
structure and some oxygen atoms were substituted by nitrogen
and silicon atoms to achieve the composition ratios of differ-
ent SiOxNy. Two sets of SQS structures with 48 atoms and 96
atoms are constructed where SiON 1 to SiON 4 were represented
by Si19N3O26, Si19N6O23, Si19N9O20, and Si20N14O14, respectively.
For SQS structure, configurational entropy is calculated by

S = kB (xIn (x) + (1 − x) In (1 − x)) (1)

where kB is the Boltzmann constant and x is the partial occupancy
on a substitution site. The convex hull method is used to study the

thermal stability of different SiOxNy. In one phase space, the con-
vex hull is defined as a linear combination of the most stable (i.e.,
the lowest energy) phases at each composition. Thus, the convex
hull distance, which also means the stability of a compound can
be defined as

ΔHstability = ΔHf − ΔHhull (2)

where ΔHstablility is the stability (convex hull distance), ΔHhull is
the convex hull energy at that composition without the given
compound and ΔHf is the formation enthalpy of that compound,
which is defined as

ΔHf = ESiOxNy
− 𝜇Si − x𝜇O − y𝜇N (3)

where ESiOxNy
is the total energy of SiOxNy compound, μSi, μO, and

μN are the chemical potentials of silicon, oxygen, and nitrogen,
respectively. The magnitude of ΔHstability can, therefore, indicate
the thermal stability of a given compound, where a smaller con-
vex hull distance means a compound is more stable. DFT calcu-
lations are performed to determine the intrinsic properties of dif-
ferent SiOxNy. The simulated structures with 96 atoms are shown
in Figure 3a. The stabilities of four structures are in the order
of SiON 1, SiON 2, SiON 3, and SiON 4, where SiON 1 is the
most stable one (Figure 3b). To determine the dissolution rate of
SiOxNy in H2O, the Gibbs reaction energy is computed for each
structure based on

ΔGreact = ΔHSiOxNy
+ aΔHH2O − bΔHSiO2

− cΔHNH3
− dΔHH2

(4)

where ΔH is the formation energy of each compound, and coef-
ficients are determined by the balanced chemical reaction equa-
tions. The Gibbs reaction energy at T = 0 K (Figure 3c) demon-
strates that the reaction of SiON 4 with H2O is the easiest one to
happen, which agrees with its largest dissolution rate among the
four structures. Given the randomness of the sites in SQS struc-
tures, the configurational entropy should be considered, which
can lower the free energy of the compound at finite temperature

ΔH (T) = ΔHf − TSconfig (5)

Adv. Mater. 2024, 36, 2307782 2307782 (5 of 14) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Dissolution kinetics of SiOxNy barrier layers. a–e) The change in thickness and dissolution rate calculated from linear fitting of results of
soaking samples of SiON 1–4 in the PBS solution at various temperatures, a) 25 °C, SiON 1: 1.6 nm day−1, SiON 2: 2.5 nm day−1, SiON 3: 3.1 nm
day−1, SiON 4: 7.9 nm day−1. b) 37 °C, SiON 1: 7.5 nm day−1, SiON 2: 10.1 nm day−1, SiON 3: 12.2 nm day−1, SiON 4: 21.3 nm day−1. c) 70 °C, SiON
1: 88.1 nm day−1, SiON 2: 135.6 nm day−1, SiON 3: 191.0 nm day−1, SiON 4: 351.0 nm day−1. d) 80 °C, SiON 1: 149.6 nm day−1, SiON 2: 344.9 nm
day−1, SiON 3: 364.8 nm day−1, SiON 4: 586.5 nm day−1. e) 96 °C, SiON 1: 353.3 nm day−1, SiON 2: 757.2 nm day−1, SiON 3: 1045.1 nm day−1, SiON 4:
1398.6 nm day−1. f) The dissolution rates (derived from (a)–(e)) plotted on a log scale as a function of temperature for SiON 1–4 suggest an exponential
relationship with 1/T (K). g) Cross-sectional SEM images showing decreases in the thickness of SiON 4 thin film in PBS at 80 °C after 5 and 10 h.

where Sconfig is configurational entropy calculated using Equa-
tion (1) and ΔHf is the ground state formation energy given as
Equation (3). Figure 3d shows that the Gibbs reaction energy
trends for four SiOxNy are consistent over the entire tempera-
ture range. DFT calculations indicate the intrinsic differences of
these four types of SiOxNy. Under the actual conditions, the sta-
bility of SiON is also affected by the amount of hydrogen bonds,
residue stress, and pinhole densities of the thin films.

2.4. Biofluid Barrier Properties

Patterns of thin films of magnesium (Mg) allow visualization
and quantification of the water penetration behaviors of overly-

ing films under test conditions that involve immersion in PBS.
Here, serpentine structures Mg films deposited by electron-beam
evaporation (e-beam, thickness = 300 nm) react with water that
passes through barrier layers coated or transferred on top, ac-
cording to Mg + 2H2O → Mg(OH)2 + H2, leading to changes
in resistance and visible signatures observable by optical mi-
croscopy (Figure 4a). Results obtained from PECVD SiNx (thick-
ness: 2 μm) indicate almost immediate failure (<1 day) after
soaking in PBS (Figure 4b). By contrast, SiNx with the same
thickness formed by LPCVD leads to negligible changes in resis-
tance for more than two months. LPCVD SiNx exhibits a lower
amount of dangling bonds compared with PECVD SiNx due
to the slow and complete reaction at elevated deposition tem-
peratures as shown in Figure 1f. Moreover, the mass densities

Adv. Mater. 2024, 36, 2307782 2307782 (6 of 14) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. DFT computations of the intrinsic stability of various SiOxNy. a) Simulated structure with 96 atoms of SiON 1–4 based on special quasirandom
structures. b) Evaluation of the stability of each SiOxNy by the convex hull distance method. c) Simulated Gibbs reaction energy of the hydrolysis reaction
of each SiOxNy at 0 K. d) Simulated Gibbs reaction energy of the hydrolysis reaction of each SiOxNy at finite temperature.

are 3.1 g cm−3 for LPCVD SiNx and 2.5 g cm−3 for PECVD
SiNx (Table 1). The results suggest that LPCVD SiNx exhibits
enhanced barrier properties partly due to its high atomic den-
sity and low amount of hydrogen bonds. Both PECVD SiON 1
and SiON 2 (thickness: 6 μm) can protect the Mg serpentine for
more than two months, comparable to LPCVD SiNx (thickness:
2 μm). A bilayer model is established to further examine the bar-
rier properties of various thin films as illustrated in Figure S8a
of the Supporting Information. Figure S8b of the Supporting In-
formation shows the theoretically predicted resistance changes
of 300-nm-thick Mg protected by different barriers as a func-
tion of immersion time in PBS solution at 37 °C, illustrating
good agreement between theoretical (lines) and measured results
(dots).

The series of optical images of the serpentine traces of Mg in
Figure 4c reveals the major pathway for liquid or vapor water
permeation through the SiON films. In Figure 4c, the PECVD
SiON 1 protects the Mg traces for at least 50 days during the soak
test at 37 °C. The image at 70 days shows reactions of Mg, visi-
ble as dark areas that follow from leakage of water through local
defects. The corrosion of Mg then proceeds along the trace as
shown in the image at 90 days. These images demonstrate that
water permeates the SiON film via local pinholes, consistent with
previous reports,[23,26,37,38] but that this permeation proceeds over
much longer timeframes compared to those with PECVD SiOx

and SiNx (film thickness: 1 μm, barrier lifetime: less than 1 day
at 37 °C).[26]

2.5. Fabrication and Utilization of the Trilayer Encapsulation
Structure

Figure 5a summarizes the steps for forming centimeter-scale
SiON-based trilayer stacks designed to improve the mechanical
robustness of the isolated inorganic films. The procedure begins
with the growth of a protection layer of SiNx (≈1 μm, not shown)
followed by SiON on a Si wafer by PECVD. Next, SiNx deposition
continues with PECVD to cover the SiON film and four edges
(≈1 cm width) of the backside of the Si wafer. The SiNx acts
as an etching mask during immersion in 25 wt% tetramethy-
lammonium hydroxide (TMAH) solution at 85 °C for 12–16 h
to eliminate silicon from the unprotected backside of the wafer.
Reactive ion etching (RIE) then removes the mask to leave a
thin film of SiON supported by the Si frame. Drop-casting PLGA
(≈10 μm) on both sides of the SiON and laser cutting the Si frame
yields a freestanding trilayer structure of PLGA/SiON/PLGA.
Figure 5b shows photographs of various stages of this pro-
cess. This packaging strategy can be easily scaled to sizes lim-
ited only by the dimensions of the wafer (current maximum
size: ≈450 mm diameter). The inorganic layer is at the neutral

Adv. Mater. 2024, 36, 2307782 2307782 (7 of 14) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Biofluid barrier properties of various thin inorganic films. a) Experimental setup with a thin patterned structure of Mg allows direct imaging
of the penetration of water through an overlying thin inorganic film barrier layer. b) Plot of the resistance of a serpentine structure of Mg encapsulated
with different thin inorganic films as a function of time of immersion in PBS solution. Black and red dots represent the experimental data points of
500-nm and 2-μm-thick LPCVD SiNx thin films, respectively. Green, blue, and magenta dots are the experimental data points of 2-μm-thick PECVD SiNx,
6-μm-thick SiON 1, and 6-μm-thick SiON 2, respectively. c) Optical images of a serpentine structure encapsulated with a film of SiON 1 (thickness: 6 μm)
at various times at 37 °C.

mechanical plane thereby enabling good flexibility and robust
mechanical properties.[39] For a thin film of PECVD SiON un-
der pure bending, the minimum curvature radius Rmin can be
predicted by the following equation

Rmin = t
2𝜀f

(6)

where t is the film thickness and 𝜖f is the material fracture strain.
Assuming that the fracture strain of PECVD SiON is ≈1%,[40]

the bending radius of a 2-μm-thick SiON thin film can be as
small as 0.1 mm. Finite element analysis/method and theoret-
ical modeling reveal aspects associated with the processibility of
these trilayer structures shown in Figures S9 and S10 of the Sup-
porting Information. The strain of the inorganic barrier mate-
rial wrapped by PLGA is computed when fixed at one end and
subjected to gravity (9.8 m s−2). As shown in Figure S9c of the
Supporting Information, the maximum strain in the 2-μm-thick
inorganic layer of the trilayer film located at the neutral axis of de-
formation decreases by up to 85% as the thickness of the PLGA

layer increases from 6 to 20 μm. The minimum bending radius
depends on the thickness of the SiON layer (Figure S10a,b, Sup-
porting Information), instead of the thickness of the PLGA layer
(Figure S10a,c, Supporting Information). The minimum bend-
ing radius of trilayer films with 6 μm SiON and 20 μm PLGA is
0.28 mm.

Figure 5c,d provides examples of these trilayer (top: 20 μm
PLGA/6 μm SiON1/20 μm PLGA, bottom: 20 μm PLGA/2 μm
LPCVD SiNx/20 μm PLGA) structures as encapsulation for
biodegradable wireless electronics, with an ability to operate in
a stable fashion over extended periods in aqueous environments
at 37 °C. The device here consists of a radio frequency (RF)
energy harvester (two 50-μm-thick Mo foils spaced with a 10-
μm-thick PLGA dielectric layer), designed to provide wireless
power to a light-emitting diode (LED). By heating to 70 °C for
15 min, the PLGA layers partially melt to allow bonding of two
trilayer structures on top and bottom of the device. Application of
biodegradable polyanhydride materials reported previously[17] at
the perimeter edges limit leakage through this path. The same
strategy is applied to the trilayer LPCVD SiNx encapsulation
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Figure 5. Biofluid barrier properties of packaging structures that combine inorganic thin films and organic polymers. a) Schematic illustrations of the
key steps for forming trilayer encapsulation structures. b) Optical images of a SiON 1 film with Si handle structures (upper left), SiON 1 coated on a
film of PLGA (upper right) and a photograph of trilayer PLGA/SiON 1/PLGA encapsulation material (bottom, 20 μm PLGA/6 μm SiON 1/20 μm PLGA).
c) Photographs of wireless devices encapsulated by trilayer PECVD SiON 1 (top, 20 μm PLGA/6 μm SiON 1/20 μm PLGA) and trilayer LPCVD SiNx
(bottom, 20 μm PLGA/2 μm LPCVD SiNx/20 μm PLGA) materials and soaked in PBS (pH 7.4, 37 °C) for 1 day and 30 days, respectively. d) Plot of the
resonance frequencies of wireless devices sealed using different encapsulation materials with the associated photographs shown in (c) as a function of
time of immersion in PBS solution.

materials. Compared with candelilla wax, PECVD SiON and
LPCVD SiNx thin films in these trilayer configurations signif-
icantly extend the operation lifetimes in PBS at body tempera-
ture (Figure 5d). Compared with LPCVD SiNx trilayer structures,
SiON-based trilayer structures have improved transparency for
various optical bioelectronics applications. The slight change in
the resonance frequency during soaking likely follows from wa-
ter that permeates from the edges, thereby revealing a potential
area for improvement.

2.6. Biocompatibility and Biodegradation of the Trilayer
Encapsulation Structure

Figures 6a and S11 (Supporting Information) present cross-
sectional SEM images and photographs of SiON 1 films and the
trilayer (PLGA/SiON 1/PLGA) encapsulation film before implan-
tation and after implantation in mice for 4 weeks. The thick-
nesses of SiON 1 and PLGA are 6.62 ± 0.03 and 12.1 ± 0.9 μm,

respectively, before implantation. The thickness of SiON 1 films
decreases to 6.44 ± 0.08 μm after implantation in mice for 4
weeks. The average degradation rate of SiON 1 in mice is 6.28 nm
day−1, which is close to that obtained from the benchtop testing,
i.e., 7.5 nm day−1, in PBS at 37 °C. The weight of the mice and
their key organs in the implanted and control groups are nearly
identical (Figure 6b). The distribution of Si in these organs mea-
sured by inductively coupled plasma optical emission spectrom-
etry also shows that the degradation of SiON 1 films does not
cause Si accumulation in any organ (Figure 6c). Complete blood
count (CBC) and blood chemistry provide additional indicators
for organ-related responses. CBC demonstrates the average level
of red blood cells, hemoglobin, hematocrit, platelets, and white
blood cells (Figure 6d). Analysis of blood chemistry includes the
level of blood urea nitrogen, proteins, glucose, and liver enzyme
(Figure 6e). Both tests show no significant differences between
the implanted group and the control mice. Histological analy-
sis of the skin and muscles in the implantation region indicates
no signs of inflammation in the surrounding skin and muscles
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Figure 6. In vivo studies of biocompatibility and biodegradation of trilayer films (PLGA/SiON 1/PLGA) in mouse models. a) Cross-sectional SEM images
of SiON 1 after (left) and before (right) implantation in mice for 4 weeks. Insets are photographs of trilayer films after and before implantation in mice
for 4 weeks. b) Weight of mice (left) and key organs (right) with/without implanted films. Five mice with implanted films represent the implantation
group and four mice without implanted films represent the sham group. Four pieces of trilayer film (diameter: 5 mm) were implanted in each mouse
under the skin in the implantation group. c) Silicon distribution in heart, spleen, kidney, brain, lung, and liver, in the implantation and sham groups.
d) Complete blood count analysis on mice. e) Blood chemistry analysis on mice. f) Histological analysis of mice skin with/without film implantation.
Results in (b)–(e) are presented as mean ± standard deviation (n ≥ 3).

(Figure 6f; Figure S12a,b, Supporting Information). The thick-
ness differences of the skin, including dermis and hypodermis,
between the implanted group and the control mice are not signif-
icant (Figure S12c,d, Supporting Information), consistent with
good biocompatibility of the trilayer films.

2.7. In Vivo Studies on the Water Barrier Performance of the
Trilayer Encapsulation Structure

To further evaluate the water barrier performance of the trilayer
encapsulation structure, Figure 7a,b presents wireless LED de-
vices, adapted from the designs described previously, with en-

capsulation using the trilayer structure (diameter: 10 mm) un-
dergoing subcutaneous implantation in mice (n = 3). Devices
with encapsulation are functional after implantation in mice for
at least 18 days, as indicated by the illuminated LEDs that are
wirelessly powered by a near-field communication (NFC) expan-
sion board (Figure S13, Supporting Information). Devices lack-
ing the trilayer encapsulation structure (Figure 7c), serving as a
control group (n = 3), fail to operate after implantation in mice
for only 2 days. Figure 7d,e shows the reflection coefficient (S11)
of the device with and without encapsulation as a function of fre-
quency, respectively. The peak frequency of devices with the tri-
layer encapsulation structure remains stable in mice for 18 days
and shows a slight shift upon implantation for 21 days. The value
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Figure 7. In vivo studies of the water barrier performance of the trilayer encapsulation structure (PLGA/SiON 1/PLGA). a) Wireless LED devices en-
capsulated using trilayer films implanted in mice (n = 3). LEDs of all devices can be wirelessly powered after implantation for at least 18 days using an
NFC expansion board. b) A photograph of LED devices with encapsulation using trilayer films. Diameter of a device after encapsulation: 10 mm. c) LED
devices lacking trilayer film encapsulation in mice (n = 3). LEDs fail to be illuminated in 2 days after implantation. d) Changes of S11 of a representa-
tive wireless device encapsulated using trilayer films in mice for 21 days. e) Changes of S11 of a representative wireless device without encapsulation
implanted in mice for 2 days. f) The resonance frequency with and without encapsulation shown in (a) and (c) as a function of the implantation period.
(d,e) Data labeled as “D0air” were acquired before device implantation and other data points were obtained after implantation.

of the peak frequency decreases gradually, which is likely due to
the change of the medium between the device and the transmitter
coil (diameter: 10 mm) because of the recovery of the skin as well
as water absorption of the outer PLGA layer of the trilayer struc-
ture. By contrast, the peak frequency for devices without the tri-
layer structure shows a significant decrease and an obvious shift.
Figure 7f presents frequency changes over the implantation pe-
riod for three devices with encapsulation and three devices with-
out encapsulation. These results prove the effective water barrier
performance of trilayer structure in mice.

3. Conclusion

In conclusion, this report introduces PECVD SiON thin films as
biodegradable encapsulation materials for transient electronics.
In vivo studies suggest that SiON and its dissolution products
are biocompatible, indicating the potential for its use in tempo-
rary biomedical devices as well as in environmentally degradable
systems. Moreover, large area, flexible organic/inorganic trilayer
structures can serve as encapsulating materials that are mechani-

cal robust for reliable device integration. Demonstrations of these
ideas in wireless LED devices both in vitro and in vivo illustrate
the practical use in a representative type of transient electronic
device. The ability to select degradation rates and water perme-
ability by choice of chemical compositions and thicknesses pro-
vides the opportunity to obtain a range of functional lifetimes to
meet different application requirements.

4. Experimental Section
Film Growth: LPCVD SiNx was deposited with a Tystar LPCVD low-

stress nitride furnace. The growth conditions for gas flow, pressure, and
temperature are summarized in Table S1 of the Supporting Information
with a deposition rate of ≈3.2 nm min−1. The standby temperature was
550 °C and ramp rate was 10 °C min−1. PECVD deposition was performed
with an STS LpX CVD apparatus. The growth parameters for gas flow, pres-
sure, plate temperature, high/low frequency generator power for various
compositions are summarized in Table S1 of the Supporting Information.

Morphology and Surface Roughness Characterization: Morpholo-
gies/structures and surface roughnesses of inorganic thin films de-
posited on Si wafers formed using different deposition techniques were
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characterized with TEM (JEM-F200, JEOL) and atomic force microscopy
(AFM; Dimension Edge, Bruker), respectively. The specimens for TEM
characterization were prepared using Multi Beam System (JIB-4700F
JEOL) equipped with liquid gallium ion source. A protective layer of
carbon (thickness: 1–2 μm) was coated on the thin film selectively before
ion beam etching. A lamella was formed and thinned to 120 nm in
thickness under a voltage of 30 kV and milled to less than 100 nm in
thickness by using a voltage of 5 kV with a current of 10 pA.

Film Composition Characterization: X-Ray Photoelectron Spectroscopy:
The elemental percentages of the resulting films were characterized us-
ing XPS (ESCALAB 250Xi, Thermo Fisher Scientific) after in situ etching of
the films for 120 s (several nanometers in depth).

FTIR Characterization: The FTIR spectra of various inorganic thin
films grown on Si wafers were acquired with a Nicolet iS50 spectrometer
(Thermo Nicolet) in attenuated reflection mode from 650 to 4000 cm−1 to
characterize the surface properties. The characteristic absorption peak of
Si–H or N–H is ≈2100 and 3400 cm−1.

Rutherford Backscattering Spectrometry (RBS) and ERD: RBS and ERD
(for hydrogen content) were simultaneously performed using an MAS
1700 pelletron tandem ion accelerator (5SDH, National Electrostatics Cor-
poration, NEC: Middleton, WI) to generate a 3.05 MeV He++ beam with
a current of ≈30 nA measured at the (electrically floating) sample. He++

ions (i.e., alpha particles) that backscatter by nuclear collisions (RBS), and
target H nuclei that forward recoil from collisions with the alphas, were
counted by Ortec silicon ion detectors that were positioned at scattering
angles of 165° and 30° with respect to the incident beam, respectively;
the latter detector was blocked by a 12 μm layer foil to stop all incom-
ing particles heavier than hydrogen. Visibly luminescent control samples
were employed to locate the beam position per sample goniometer coor-
dinates and sample tilt. The beam was 2× 2 mm (square) in cross-section,
but the sample was tilted by 75° (to enable ERD geometry) thereby elon-
gating the analytical spot to ≈8 mm along the one (horizontal) dimen-
sion. Two spectra consisting of counts versus data channel (≈3.25 keV
per channel) of backscattered He++ and forward recoiled H+ (with ener-
getics described by classical billiard ball kinematics) were simultaneously
acquired on each sample with a multichannel analyzer controlled by NEC
RC43 software. The total integrated incident charge was Q ≈ 40 μC per
spectrum (which together with detector solid angle determines the abso-
lute number of counted particles).

To approximately quantify H content, including its depth dependence,
the ERD spectra were normalized to that of (cleaved) muscovite mica as
a standard (9.5 at%) as follows. First, the spectra on mica were collected
to triple the particle integration (then divided by three in counts) as that
employed on the samples of interest, so as to produce a less noisy signal
for normalization purposes. Second, the mica counts per data channel
were gained up by ≈15% to account for the larger stopping power on mica,
per comparative spectral simulations (using the freeware QUARK) of a
slab of mica and a same-thickness slab of the samples of interest (the
latter composition being determined from XPS results). Third, the counts
for two of the five ERD spectra of interest were gained up by ≈10% to
account for small discrepancies in charge integration, as determined from
the RBS signal at the low energy portion of the spectra (substrate signal).
The approximate calibration of the horizontal axis (from data channels to
depth) of the processed spectra of interest used the measured thickness
of the thickest sample of interest.

Film Stress Measurement: The thin film stress was measured with a
stylus profilometer (Veeco Dektak) by performing a line scan before and
after thin film deposition. A 4 in. Si wafer substrate was aligned on the
stage and a line scan (scan length: 1000 μm, stylus force: 3 mg, pro-
file: Hills & Valleys) was performed and saved as baseline. After depo-
sition, the film thickness was measured by a reflectometer (Filmetrics
F20). A postdeposition line scan was executed with the wafer placed at
the same location and the same parameters. The stress was calculated
via Analysis/Compute Stress module in the software (Dektak) after load-
ing the baseline and postdeposition scan data files and inputting the film
thickness.

Film Hardness and Modulus Measurement: The hardness and modulus
of thin films were measured by applying and removing a load to a film in

a highly controlled manner with a displacement of 40 nm (displacement-
control mode) using quasistatic nanoindentation (Hysitron TI 950 TriboIn-
denter, Bruker). The loading/unloading speed was set to 5 nm s−1 and the
probe was held for 2 s at maximum displacement. The values of hard-
ness and modulus were extracted from the unloading portion of load–
displacement curves using the Oliver–Pharr model in the data analysis
package of the nanoindenter.

Dissolution Test: The inorganic film under test was immersed into PBS
solution (or DI H2O, DMEM) under ambient conditions (25 °C) or in an
oven at a given temperature (37, 70, 80, and 96 °C) to measure the disso-
lution rate of various SiON compositions at different temperatures. The
film thicknesses were measured by a reflectometer (Filmetrics F20) nonde-
structively. Cross-sectional SEM images can also yield the film thicknesses
in a destructive manner.

Evaluation of Biofluid Barrier Property with Mg Serpentine Traces: Pho-
tolithography with AZ5214E was performed with a maskless aligner (Hei-
delberg MLA150) to define the serpentine-shaped patterns. Mg deposition
with an AJA e-beam evaporator followed by removal of photoresist AZ5214
defined the Mg serpentine traces (thickness: ≈300 nm). To measure the
resistances of Mg serpentine traces during dissolution tests, the Mg was
connected to Au leads by depositing a layer of Au (thickness: ≈100 nm)
at the ends of the traces. An inorganic film was then placed onto the Mg
serpentines with the edges sealed by a marine epoxy (Loctite). A PDMS
well held PBS solution on top of the test unit and the entire setup was
placed in an oven at 37 °C. The resistances and optical images of the Mg
serpentines were monitored daily.

Preparation of Trilayer Packaging Materials: The procedure began with
the growth of SiON films on Si wafers by PECVD. PECVD SiNx covered the
SiON film and edges of the backside of the Si wafer, which served as the
etching mask for the subsequent chemical etching process. The samples
were immersed in 25 wt% TMAH solution at 85 °C for 12–16 h to eliminate
the uncovered backside of the wafer. RIE then removed the etching mask
residues and yielded the SiON thin film supported by Si handles. Drop-
casting PLGA on both sides of the SiON thin film and laser cutting the Si
handles after drying enabled the formation of trilayer PLGA/SiON/PLGA
encapsulation materials.

Fabrication of Bioresorbable Devices Encapsulated by Trilayer Materials:
The bioresorbable device here consisted of an RF energy harvester, which
included two Mo coils (thickness: ≈50 μm) stacked on top of one an-
other and spaced with an ≈10 μm thick PLGA dielectric layer. The en-
ergy harvester provided wireless power to a commercial LED. A UV
laser cutter (LPKF, ProtoLaser U4) defined the coil structure by selec-
tively removing Mo. Conductive wax electrically connected all compo-
nents of the device. Two pieces of trilayer materials bonded above and
below the device by heating to 70 °C for 15 min sealed the system.
To minimize leakage issues at the edges during the PBS soaking test,
biodegradable polyanhydrides were utilized to cover the entire wireless de-
vice. The resonant frequency was recorded by network analyzer (Keysight,
N9923A).

Fabrication of Wireless LED Devices for In Vivo Demonstration of Trilayer
Materials: Wireless LED devices adapted from the designs described pre-
viously for in vitro tests served as the basis for in vivo evaluations. These
devices consisted of an RF energy harvester based on two Cu coils (diam-
eter: 6 mm, 10 turns; thickness: 18 μm) stacked on top of one another
and spaced with a polyimide dielectric layer (thickness: 75 μm). The fabri-
cation process used steps similar to those for the in vitro test devices. A
UV laser cutter defined the coil structure by selectively removing Cu. Low-
temperature indium solder electrically connected all components of the
device, including two LEDs, two diodes, and one capacitor. The energy har-
vester provided wireless power to a commercial LED via an NFC extension
board (STMicroelectronics), operating at 13.56 MHz (Figure S13, Support-
ing Information). The resonant frequency of devices was measured using
a vector network analyzer.

To evaluate the water barrier performance of trilayer materials in mice,
three devices were encapsulated using the materials. The encapsulation
process included placing a device on a circular cover glass (thickness
≈ 150 μm) and sealing the device with a circular trilayer film (diameter:
10 mm, thickness ≈ 40 μm) by slightly heating them to 65 °C for a few
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minutes. Applying epoxy to seal film edges further prevented water per-
meation from those edges.

Biocompatibility and In Vivo Biodegradation: All procedures associated
with the animal studies followed the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health and approved by The
Institutional Animal Care and Use Committee at Northwestern University.

Female mice (C57/BL6; age at the initiation of the treatment: 8–12
weeks; Charles River Laboratories) were anaesthetized using isoflurane
gas (1–2% isoflurane in oxygen) in an anesthetizing chamber during
the implantation surgery. The films under test were trilayer PLGA/SiON
1/PLGA films cut into a circular shape (diameter: 5 mm, thickness ≈

30 μm). After sterilizing by UV irradiation overnight, four films were im-
planted in the dorsal subcutaneous space of each mouse (n = 5). The
sham group (n = 4), which served as a control, was subjected to the same
surgery procedures but without film implantation. The incision was closed
using interrupted sutures followed by standard combined postoperative
analgesic regimen. After 4 weeks, the mice both in the implantation and
sham groups were euthanized to collect blood, organs, and tissues for
subsequent blood, elemental, and histological analyses.

To evaluate the distribution of Si resulting from film degradation, or-
gans, including heart, spleen, kidney, brain, lung, and liver were collected
and weighed, and then dissolved in 15 mL tubes (metal-free, Thermo
Fisher Scientific) using solutions of 250 μL HNO3 and 125 μL H2O2 to
each heart, spleen, and lung sample and solutions of 500 μL HNO3 and
125 μL H2O2 to each liver, kidney, and brain sample, which were kept in
a water bath at 65 °C for 3 h until the organs were fully digested, and
diluted with Millipore water to 5 or 10 mL after the solution cooled to
room temperature. The solution was then analyzed by inductively cou-
pled plasma optical emission spectrometry (iCAP 6500, Thermo Fisher
Scientific). All measurements were performed simultaneously at three dif-
ferent wavelengths 212.412, 251.611, and 221.667 nm and the results
presented here were obtained by averaging the values of these emission
lines.

To assess the overall health of mice implanted with films, blood sam-
ples were collected and tested at the Veterinary Diagnostic Laboratory at
University of Illinois. Blood was collected in collection tubes with K2-EDTA
coatings and fully mixed with K2-EDTA to obtain the whole blood for CBC
test. To obtain serum for blood chemistry tests, blood was collected in
tubes without K2-EDTA coatings and centrifuged at 5000 rpm for 10 min
after immersion in an ice bath for 5 min. The serum was transferred to a
new tube using a pipette.

For histological studies, subcutaneous tissue and muscle were col-
lected, fixed, and stored in formalin in 15 mL tubes (Thermo Fisher Sci-
entific), followed by embedding in paraffin, sectioning, and staining with
hematoxylin and eosin at the Mouse Histology and Phenotyping Labora-
tory at Northwestern University. These tissue samples were observed us-
ing bright-field microscopy (VS120, Olympus). The thickness of skin in-
cluding dermis and hypodermis was blindly analyzed using unpaired two-
tailed t-test, which showed no significant differences between implanta-
tion and sham groups.

In Vivo Water Barrier Performance of the Trilayer Materials: All proce-
dures associated with the animal studies followed the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health and
approved by The Institutional Animal Care and Use Committee at North-
western University (approval number: IS00024102).

Female mice (C57/BL6; age at the initiation of the treatment: 8–12
weeks; Charles River Laboratories) were anaesthetized using isoflurane
gas (1–2% isoflurane in oxygen) in an anesthetizing chamber before the
implantation surgery. After sterilizing by UV irradiation overnight, three
LED devices that were encapsulated using the trilayer materials were im-
planted on the back of each mouse (n = 3). Mice in the control group (n =
3) were underwent the same surgery procedures but the implanted de-
vice lacked film encapsulation. The incision was closed using interrupted
sutures followed by standard combined postoperative analgesic regimen.
After a designated implantation period, the mice both in the implantation
and the control groups were anaesthetized to collect data on resonant fre-
quency of the implanted devices and LED illumination conditions. One out
of three devices failed to illuminate LEDs due to a shift in frequency and

the decrease in reflection coefficient of the device, indicating a limitation
in the lifetime of encapsulation materials within mice.

Statistical Analysis: All results present as mean ± standard deviation
with n ≥ 3. The unpaired two-tailed t-test (p < 0.05) was used for statistical
significance testing for histological analysis. The Kruskal–Wallis test was
used for in vitro biocompatibility analysis. GraphPad Prism software was
used to perform statistical analysis. ImageJ software was used to process
the region of interest in images.
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