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ABSTRACT: Semiconducting materials are central to the
development of high-performance electronics that are capable
of dissolving completely when immersed in aqueous solutions,
groundwater, or biofluids, for applications in temporary
biomedical implants, environmentally degradable sensors,
and other systems. The results reported here include
comprehensive studies of the dissolution by hydrolysis of
polycrystalline silicon, amorphous silicon, silicon−germanium,
and germanium in aqueous solutions of various pH values and temperatures. In vitro cellular toxicity evaluations demonstrate the
biocompatibility of the materials and end products of dissolution, thereby supporting their potential for use in biodegradable
electronics. A fully dissolvable thin-film solar cell illustrates the ability to integrate these semiconductors into functional systems.
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1. INTRODUCTION

Electronic systems designed to partially or fully dissolve in
aqueous solutions with predictable and controlled kinetics are
of growing interest for bioresorbable implants, ecofriendly
sensors, consumer devices with minimized hazardous waste
streams, hardware-secure electronics, and other devices.1−19

Such classes of physically transient electronics are of particular
relevance in biomedicine, where they have the potential for use
in programmable drug delivery, temporary cardiac pacemaking
and nerve stimulation, and in sensors for medical therapy,
diagnosis, and monitoring.1,2,19−22 Dissolvable materials that
are biocompatible and have biocompatible end products are
critically important for such systems. Previous studies establish
options that include nanomembranes of monocrystalline silicon
(Si NMs) and thin films of ZnO for the semiconductors,1−3,7

metals and metal alloys (Mg, Mg alloy, Fe, Fe alloy, Zn, W, and
Mo) for the conductors,4,5 various oxides (SiO2, SiNx, and
MgO) for the interlayer and gate dielectrics and encapsulants,6

and polymers and metal foils for the substrates and super-
strates.5,8 The hydrolysis mechanisms for these inorganic
materials appear in the Supporting Information (SI).

Here we investigate the dissolution behavior and biocompat-
ibility of several additional semiconductors with utility in this
context, including polycrystalline silicon (poly-Si), amorphous
silicon (a-Si), alloys of silicon and germanium (SiGe), and Ge
itself. These materials are attractive in part because of their
extensive use in conventional electronics technologies. Poly-Si,
for example, until the recent introduction of metal gate
technology, served as the gate material in metal oxide−
semiconductor field-effect transistors and complementary metal
oxide−semiconductor circuits.23 Both poly-Si and a-Si are
found in solar cells and in active matrix display backplanes.23,24

SiGe is used extensively in heterojunction bipolar transistors
with high-frequency performance and extensive applications in
personal communication devices such as digital wireless
handsets, as well as other entertainment and information
technologies like digital set-top boxes, direct broadcast satellite,
automobile collision avoidance systems, and personal digital
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assistants.25,26 Ge served as the basis for the earliest transistors,
with smaller band gap and larger minority-carrier mobility
compared to silicon, resulting in smaller transit time and higher
speed of operation, of relevance to high-frequency devices.27

The following describes the comprehensive dissolution testing
and in vitro cell-based biocompatibility evaluation of these
materials; the results establish their ability to serve as
semiconductors for bio- and ecoresorbable forms of transient
electronics.

2. RESULTS AND DISCUSSION

2.1. Dissolution Kinetics. Previous work describes the
hydrolysis of monocrystalline silicon (mono-Si) and porous
silicon (p-Si), wherein the governing chemical reaction is Si +
4H2O → Si(OH)4(aq) + 2H2.

1,2,7 Ge is known to react in
aqueous solutions that contain dissolved oxygen, i.e., Ge +
O2(aq) + H2O → H2GeO3(aq).

28 Recent systematic studies of

the hydrolysis of mono-Si(100) in solutions with different pH
values (between 6 and 10), ion concentrations, and temper-
atures indicate dissolution rates in the range of 0.5−624 nm/
day, for low or modest doping levels in the Si.2 These values are
well within a range that leads to the complete disappearance of
ultrathin (∼300 nm or less) sheets of mono-Si (i.e.,
nanomembranes) on time scales that are relevant for many
envisioned uses in bioresorbable electronics. Separate inves-
tigations of poly-Si and a-Si and of SiGe and Ge are needed to
assess their suitability for similar applications.
Systematic dissolution tests for poly-Si, a-Si, monocrystalline

SiGe [Si8Ge2(100)], and monocrystalline Ge [Ge(100)] used
aqueous buffer solutions (Sigma-Aldrich, USA) with pH values
between 7 and 10, at room and physiological (37 °C)
temperatures. The studies of poly-Si and a-Si involved
measurements of changes in the thicknesses of a patterned
array of squares (3 μm × 3 μm × 100 nm) of material formed

Figure 1. Schematic illustration and experimental results for dissolution tests on SiGe and Ge. (a) Array of patterned square openings (3 μm × 3 μm
× 30 nm) formed using layers of Ti (∼30 nm thick) on single-crystalline SiGe(100) and Ge(100) wafers. Inset: magnified view of the test structure
and dissolution mechanisms of SiGe. (b) Series of AFM topographical images at different stages of hydrolysis in a buffer solution (pH 10) at
physiological temperature (37 °C) after day 0 (top left), day 8 (top right), and day 16 (bottom right), respectively. (c) Corresponding profiles of a
representative patterned hole of SiGe at the same conditions (black, day 0; red, day 8; blue, day 16).
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on a layer of thermal oxide on a Si wafer. (The rate for
dissolution of thermal oxide is negligible compared to that for
either poly-Si or a-Si at the levels of doping examined
here.1,2,6,7) Studies of SiGe and Ge relied on wafers (MTI
Corp., USA) configured as shown in Figure 1a. Here, a layer of
titanium (Ti; ∼30 nm, insoluble in the solutions examined
here) with an array of square openings (3 μm × 3 μm) allows
selective exposure of the underlying SiGe and Ge to
surrounding solutions. Measurements of the time-dependent

change in height between the top surface of the Ti and the
exposed SiGe and Ge define the dissolution rates. Figures 1b,c
and S1 in the SI show the corresponding surface topography
and height profiles at various stages of dissolution in a buffer
solution with pH 10 at 37 °C.
Parts a−d of Figure 2 summarize the dissolution kinetics for

poly-Si, a-Si, SiGe, and Ge. In all cases, the rates at physiological
temperature (37 °C) are higher than those at room
temperature, as expected.1 Previous reports suggest that an

Figure 2. Dissolution studies of various semiconducting materials (p-Si, a-Si, SiGe, and Ge) in diverse aqueous solutions, with different pH values
and temperatures. Theoretical (lines) and experimental (symbols) results for the time-dependent dissolution studies of (a) poly-Si, (b) a-Si, (c)
SiGe, and (d) Ge in buffer solutions (black, pH 7; red, pH 7.4; blue, pH 8; purple, pH 10) at room (left) and physiological (right, 37 °C)
temperature.
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increase in the concentration of OH− accelerates the
dissolution of mono-Si.2,7 Figure S2 in the SI shows the
dependence of the dissolution rate, R, on the pH for poly-Si, a-
Si, SiGe, and Ge. Reports on Si etching at relatively high pH
s u g g e s t t h a t R c a n b e w r i t t e n a s R =
k0[H2O]

4[OH−]0.25e−(EA/kBT), where kB, EA, and k0 are the
Boltzmann constant, activation energy, and reaction constant,
respectively [here k0 is 2480 μm/h × (mol/L)−4.25].2,29,30 This
same equation does not fully describe the results reported here,
as summarized in Figure S2a in the SI and Table 1 and in

previous dissolution studies of mono-Si.2 A generalization of
this model, R = k0[H2O]

4[OH−]xe−(EA/kBT), can, however,
capture the pH-dependent dissolution of mono-Si, where fitted
values of x fall in the range of 0.46−0.90.2 Figure S2b in the SI
shows that this model also accounts for the pH-dependent
dissolution behavior of poly-Si, a-Si, SiGe, and Ge from pH 7 to
10. Table 2 summarizes the two constants of this generalized

reaction model determined by fitting data at both room and
body temperatures. We note that the concentrations of ions
such as Cl− and PO4

3− likely influence the values of EA and k0,
as for the case of mono-Si.29

The values of R for poly-Si, a-Si, SiGe, and Ge are 2.8, 4.1,
0.1, and 3.1 nm/day, respectively, in buffer solutions at pH 7.4
and 37 °C. Poly-Si dissolves at a rate similar to that observed
for mono-Si (2.9 nm/day), while a-Si and Ge dissolve
somewhat more quickly. The reduced density of a-Si facilitates
diffusion, thereby accelerating the rate of dissolution.6 By
contrast, SiGe dissolves ∼30 times more slowly than mono-Si.
A relevant observation is that the etching rate of Si8Ge2 is ∼100
times slower than that of mono-Si at high pH in KOH
solutions.31,32 (The etching rate depends strongly on the
temperature and concentration of KOH: the value decreases by
∼200 times in KOH/H2O = 515 g/1000 mL at 60 °C and
∼1250 times in KOH/H2O = 130 g/1000 mL at 85 °C for Si
with 1.5 × 1022 cm−3 Ge.31,32)
Figure S3 in the SI shows examples of dissolution in

biofluids. Even at similar pH, bovine serum (Sigma-Aldrich,
USA) leads to dissolution rates at 37 °C that are 30−40 times
higher than those of a phosphate buffer solution (0.1 M; Sigma-
Aldrich, USA), for poly-Si, a-Si, and mono-Si. The dissolution
rate for SiGe exhibits an even more strongly accelerated rate
(∼185 times) in bovine serum. Dissolution of Ge is faster (∼10
times) than SiGe but slower than Si.
2.2. In Vitro Biocompatibility Evaluations. Biocompat-

ibility of the materials themselves and the products of their
dissolution are important for applications in bioresorbable
electronics. Previous studies using cell cultures on mono-Si
metastatic breast cancer cells (MDA-MB-231) and on p-Si and

p-Ge (porous Ge) with Chinese hamster ovary cells reveal an
absence of cytotoxic effects.33,34 In this study, we used two
different cell lines to assess tissue cytotoxicity not only on
neighboring stromal fibroblast cells but also on infiltrating
immune cells. L929 mouse fibroblast cell lines and whole
splenocytes harvested from mouse spleen served as surrogates
for the cells in contact with the implanted devices. The
following summarizes similar studies on poly-Si, a-Si, SiGe, Ge
and mono-Si using a surrogate fibroblast line, L929 cells,
seeded directly onto the surfaces of sterilized samples with
designs similar to those used in the dissolution tests of the
previous section. Polyurethane containing 0.1% zinc dieth-
yldithiocarbamate (ZDEC), which is known to be toxic to cells,
acts as positive control. High-density polyethylene (HDPE)
and cultures without any added materials serve as negative
controls, with no adverse effects on the cells.35 Details of the
experimental setup appear in the Experimental Section. Figure
3a shows the growth and proliferation behavior of the cells and
the dissolution of poly-Si observed by phase-contrast
microscopy (above) and live/dead assays by fluorescence
imaging (below), where the living and dead cells are green and
red, respectively. Similar results for a-Si, mono-Si, SiGe, and Ge
appear in Figures S4 and S5 in the SI. For all samples, most
L929 cells attach tightly to the surfaces of the materials and
spread effectively during the culture period. After day 7 of
culture, the live/dead assay exhibits viability for most cells and
clusters with extended lamellipodia, suggesting no adverse
effects on proliferation. Figure 3b summarizes the viability
determined by a live/dead cell count from three different areas
on each sample. The viability of L929 fibroblasts is high for all
materials, showing little signature of toxicity. The poly-Si, a-Si,
and mono-Si squares completely disappear between day 3 and
5, consistent with observations of samples without cells (∼3
days) (Figure S6 in the SI).
Cells stained with annexin V/7-AAD and analyzed by flow

cytometry confirm expected apoptosis behavior for 72 h.36

Figures 3c and S7a in the SI present the apoptotic cell
distribution for poly-Si, a-Si, SiGe, Ge, and mono-Si and control
samples (no material, HDPE, and PU-ZDEC). Annexin V−/7-
ADD−, annexin V+/7-ADD−, annexin V+/7-ADD+, and
annexin V−/7-ADD+ correspond to viable, early apoptotic,
late apoptotic, and dead cells, respectively. No significant
increase of apoptosis appears after 72 h of culture for poly-Si, a-
Si, SiGe, and Ge compared to the control samples. Mono-Si
does not show significant early apoptosis, although the
percentage of late apoptotic cells indicates a slight increase
(∼12%) over the case of no material and HDPE controls
(Figure S7a in the SI). Compared to PU-ZDEC, which causes
over 90% of late apoptosis, the extent of apoptosis by mono-Si
is low (Figure S7a in the SI).
For further confirmation of biocompatibility under physio-

logical conditions, immune cells in the spleen were harvested,
seeded, and cultured on samples for 72 h. Figure S7b in the SI
shows no significant changes in the percentage of early or late
apoptosis compared to negative (no material, HDPE) and
positive (PU-ZDEC) controls. Figure S7 in the SI, which
indicates the high viability of splenocytes, also supports this lack
of toxicity. (The relatively high pcercentage of dead cells in the
spleen is normal because it is the center for removal of old and
exhausted immune cells.37)
A final set of studies focused on assessment of the

cytotoxicity of dissolved and extractable components from the
solution. Here, extracts consisted of a culture medium used to

Table 1. Constants of the Reaction Model of pH-Dependent
Dissolution

poly-Si a-Si SiGe Ge

EA, eV 0.778 0.768 0.860 0.776

Table 2. Constants of the Generalized Reaction Model of
pH-Dependent Dissolution

poly-Si a-Si SiGe Ge

EA, eV 0.524 0.518 0.763 0.515
x 0.874 0.865 0.485 0.891
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immerse samples of poly-Si, a-Si, SiGe, Ge, and mono-Si
(designs like those in the dissolution tests) for 24 h at 37 °C.
Investigations involved L929 cells incubated for 24 h with
various concentrations (up to 100%) of these extracts. The 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay, which measures the reduction of yellow
MTT tetrazolium salt to purple formazan as a marker of
metabolic activity, defined the viability of the L929 cells.38

Figure S8a in the SI shows phase-contrast microscope images of
cells treated with 100% extract for 72 h. No significant
morphological signs of damage appear for extracts from poly-Si,
a-Si, SiGe, Ge, or mono-Si, similar to negative control samples
(HDPE). The results with PU-ZDEC show damaged cell
morphology associated with toxicity, as expected for this
positive control. Figure S8b in the SI indicates >95% relative
viability of all cells exposed to 75% and 100% extracted
supernatants, respectively, suggesting the nontoxic nature of
poly-Si, a-Si, mono-Si, SiGe, and Ge compared to HDPE

controls. (The relative viability is calculated by setting the
viability of the no-device control as 1.)

2.3. Transient Thin-Film Solar Cell. Results from the
dissolution studies suggest that these semiconductor materials
are excellent candidates for transient biocompatible devices of
various types. Fully transient thin-film a-Si solar cells serve as
examples (see Figure 4a,b). A 230 nm layer of hydrogenated a-
Si (Si:H) with a PIN doping profile (n-region, 20 nm thick,
∼1020 cm−3 phosphorus-doped; i-region, 200 nm thick,
undoped; p-region, 10 nm thick, ∼1020 cm−3 boron-doped),
formed by plasma-enhanced chemical vapor deposition
(PECVD), severs as the active material. A sputter-deposited
film of ZnO with Al dopant (ZnO/Al, ∼100 nm thick) provides
a transparent conductive oxide (TCO). Mg (∼300 nm thick), a
representative biodegradable metal, serves as the top and
bottom electrodes.
Figure 4c shows a comparison of the current densities of a-

Si:H solar cells formed with different combinations of transient
and nontransient materials. The reference nontransient cell

Figure 3. In vitro cell culture evaluations of cytotoxicity of various semiconductors. (a) Differential interference contrast images (top) and
fluorescent images (bottom) showing the dissolution behavior and cell viability of poly-Si. Green/red in the fluorescent image represent live/dead
cells (L929), respectively. (b) Cell viability of poly-Si, a-Si, SiGe, and Ge over 3, 5, and 7 days calculated as the fraction of total living cells. (c)
Estimation of apoptotic populations in L929 after 72 h of culture on poly-Si, a-Si, SiGe, and Ge by Annexin V and 7-AAD, stained using flow
cytometry.
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uses fluorine-doped tin oxide (SnO2:F) and Ag for the TCO
and electrodes, respectively. The efficiency (η), open-circuit
voltage (Voc), and short-circuit current density (Jsc) are 4.9%,
0.80 V, and 10.1 mA/cm2, respectively. Replacing Ag with Mg
yields devices with similar performance (η = 4.8%, Voc = 0.81 V,
and Jsc = 9.5 mA/cm2). Cells that use a ZnO/Al for the TCO
exhibit η = 2.3%, Voc = 0.80 V, and Jsc = 5.45 mA/cm2 with Ag
electrodes and η = 2.6%, Voc = 0.81 V, and Jsc = 6.4 mA/cm2

with Mg electrodes. The cell with SnO2:F has enhanced
performance primarily because of improved conductivity and
management of backscattered light (i.e., SnO2:F presents a
patterned surface to increase light absorption; ASAHI Glass,
Japan).
Figure 4d summarizes measurements of the performance

during hydrolysis of a fully transient a-Si:H solar cell, with

contact to the top metal established with a probe tip directly
through the solution and contact to the bottom metal through
an extended metal trace not directly immersed. The behaviors
degrade rapidly primarily because of dissolution of the
electrode metal (Mg), on time scales comparable to those of
previously reported transient diodes.1,5 The photovoltaic
functionality decreases in a corresponding manner. As the
materials dissolve, the short-circuit current density persists even
after the disappearance of Mg because of conduction through
the ZnO/Al layer. The open-circuit voltage rapidly decreases.
Figure 4e shows images at various stages of dissolution. Because
of the relatively slow dissolution of a-Si:H compared to ZnO or
Mg, disintegration occurs as ZnO and/or Mg disappears
because of diffusion of the solution into the multilayer stack.
The a-Si:H layer dissolves at a slightly different rate compared

Figure 4. Structure and electrical performance of transient thin-film solar cells that use amorphous silicon (a-Si) active layers. (a) Image of an array
of thin-film solar cells (total thickness ∼1 μm). (b) Schematic exploded view and top view (inset) illustration of dissolvable transient solar cells. The
unit cell consists of Mg electrodes (∼300 nm thick), ZnO TCO (∼100 nm thick), and an a-Si:H photovoltaic cell (n-region, 20 nm thick; i-region,
200 nm thick; p-region, 10 nm thick). (c) Comparison of the electrical characteristics of a transient a-Si:H solar cell with a nontransient a-Si:H solar
cell (Ag metal electrodes and SnO2:F TCO; black, SnO2/Ag; red, SnO2/Mg; blue, ZnO/Ag; purple, ZnO/Mg). (d) Functional transience of a PIN
diode (left) and a photovoltaic cell (right) in deionized water at room temperature. The current and efficiency of the cell rapidly decrease as the
conductive layer quickly dissolves. Measurements were performed every 10 min after immersion. (e) Optical images at various stages of dissolution
of a thin a-Si:H solar cell. The conducting layers of Mg and ZnO dissolve over several hours, followed by complete dissolution of a-Si films within
days.
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to the results of thin films of a-Si, likely because of differences
in the deposition methods.6

3. CONCLUSION

The results presented here provide some understanding of
dissolution by hydrolysis of p-Si, a-Si, SiGe, and Ge for
applications in bioresorbable forms of transient electronics,
including the dependence of the dissolution rates on the
temperature and pH. In vitro cytotoxicity evidence suggests
that these materials and the products of their dissolution are
biocompatible, thereby indicating their potential for use in
temporary biomedical devices. A demonstration device
consisting of a fully dissolvable thin-film solar cell illustrates
the ability to integrate these materials into functional systems
by combining them with appropriately selected metals,
dielectrics, and other necessary layers.

4. EXPERIMENTAL SECTION
4.1. Dissolution Experiments. Low-pressure chemical vapor

deposition formed layers of polycrystalline silicon (poly-Si; ∼100 μm)
and amorphous silicon (a-Si; ∼100 μm) on thermal oxide on a Si(100)
wafer. Square pads (3 μm × 3 μm) of poly-Si and a-Si were fabricated
by photolithography and reactive ion etching (RIE). Monocrystalline
silicon−germanium [Si8Ge2(100)] and germanium [Ge(100)] wafers
were purchased from MTI Corp. (USA). Electron-beam (E-beam)
evaporation formed a Ti mask layer (∼30 nm thick) on SiGe and Ge.
Patterning a layer of photoresist (S1805, MicroChem, USA) on the Ti,
etching the exposed regions with buffered oxide etchant (BOE, 6:1,
Transene Co. Inc., USA), and then removing the photoresist yielded a
pattern of Ti with an array of square openings (3 μm × 3 μm). For
testing, the samples were placed into various types of aqueous
solutions (50 mL) including buffer solutions (Sigma-Aldrich, USA) of
different pH concentrations (pH 7−10) and bovine serum (Sigma-
Aldrich, USA) at room temperature or physiological temperature (37
°C). In all cases, removing the samples from the solutions, rinsing
them with deionized water, and then measuring them by atomic force
microscopy (AFM; Asylum Research MFP-3D, USA) yielded the
thicknesses and surface morphologies at different stages of dissolution.
4.2. Cell Culture and Live/Dead Assay. Mouse fibroblasts from

a clone of strain L (NCTC clone 929, KCLB-10001; KCLB, Korea)
were cultured in a supplemented Eagle’s minimum essential medium
(MEM; 10% fetal bovine serum, 4 mM L-glutamate, 100 units/mL
penicillin, and 100 g/mL streptomycin) and incubated at 37 ± 2 °C in
a humidified atmosphere with 5% CO2. Primary cultures of
splenocytes were obtained from C57BL/6 mice. Splenocytes were
cultured in RPMI-1640 (Welgene, Deagu, Korea) supplemented with
5% fetal bovine serum, antibiotics (penicillin 100 U/ml, streptomycin
100 μg/mL), 1X NEAA (Lonza Walkersville Inc., USA), 10 mM
HEPES buffer, 1 mM sodium pyruvate (Cellgro, USA), 55 M 2-ME
(Gibco, USA), 100 U/mL interleukin-2 (NIH, USA). Cells were
placed on the samples at a seeding density of 300 cells/mm2. The cell
viability for the reference materials was assessed qualitatively via the
live/dead assay kit (Invitrogen, U.K.). A total of 2 mL of phosphate-
buffered saline containing 2.5 μL/mL of 4 μM ethidium homodimer-1
(EthD-1) assay solution and 1 μL/mL of 2 μM calcein AM assay
solution was prepared. Calcein appears green in the presence of
esterase activity in viable cells, whereas EthD-1 appears red at damaged
cell membranes. After the cells were incubated for 30 min at room
temperature, they were imaged immediately via fluorescence
microscopy (Zeiss Axiovert 200M, Carl Zeiss). The numbers of viable
and dead cells in at least three randomly chosen fields were counted
and averaged to yield the final result.
4.3. Flow Cytometry with Annexin V/7-AAD. Annexin V and 7-

aminoactinomycin D(7-AAD) (Annexin V-FITC Apoptosis detection
kit I, BD Biosciences, USA) were used to detect cell death by flow
cytometry [FACSCantoII analyzer (BD Biosciences, USA)].39,40 The
data were interpreted with FlowJo software (Three Star, USA). The

use of annexin V and 7-AAD allowed further discrimination between
early apoptotic cells (annexin V+, 7-AAD−), late apoptotic cells
(annexin V+, 7-AAD+), and necrotic cells (annexin V−, 7-AAD+), as
well as viable cells (annexin V negative, 7-AAD negative).

4.4. Cytotoxicity Assays. Extracts were prepared, at a ratio of 6
cm2 of sample surface area to 1 mL of culture medium, by extracting
samples for 24 h at 37 °C. L-929 mouse fibroblasts (10000 cells/well)
were precultured for 24 h in 96-well plates and treated with various
concentrations (100%, 75%, 50%, 25%, and 12.5%) of the reference
material extracts for 24 h. The cells were incubated for 4 h with 1 mg/
mL MTT solutions [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide; Sigma, USA] under cell culture conditions.
The MTT solution was decanted, and 100 μL of dimethyl sulfoxide
was added to each well to dissolve the internalized purple formazan
crystals. Absorbances at 570 and 650 nm wavelengths were measured
using a microplate spectrophotometer (iMark, Bio-RAD). The results
are expressed as a percentage of the absorbance of the control. The
viability of splenocytes in the presence of reference materials was
measured by Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s instructions.
Briefly, splenocytes were incubated with samples on 24-well plates for
72 h before the addition of 10% CCK-8 solution. The absorbance at
450 nm was measured by a microplate spectrophotometer (iMark, Bio-
Rad). The results correspond to the mean ± standard error of the
mean.

4.5. Fabrication/Characterization of Transient a-Si:H Solar
Cells. A sequence of deposition and etching of Al-doped ZnO,
hydrogenated a-Si, and Mg built transient a-Si:H solar cells. E-beam
evaporation and sputtering formed the bottom Mg electrodes (∼300
nm) and Al-doped ZnO (ZnO:Al, ∼100 nm), respectively. Deposition
of hydrogenated amorphous silicon (a-Si:H, n-type; ∼20 nm, i-type;
∼200 nm, p-type; ∼10 nm) through 13.56 MHz PECVD yielded the
PIN junction. ZnO/Al was deposited on a-Si by sputtering. Patterning
the boundary of the unit cell (3.4 mm × 3.4 mm) by photoresist (AZ
4620, MicroChem, USA) and etching the top/bottom ZnO, a-Si:H,
and bottom Mg layers by HCl (H2O/HCl = 50/1), RIE, and C2H4O2
(100:1) defined the unit cells. The same patterning and etching
process on top/bottom ZnO and a-Si:H layer formed the bottom
metal contact. E-beam evaporation of Mg electrodes (∼300 nm) on
ZnO yielded the top metal contact. Measurements of I−V character-
istics were performed with a solar simulator (AM 1.5, Newport Corp.,
USA) and Keithley 2400 (Keithley Instruments, USA).
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