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Biodegradable germanium electronics for integrated biosensing
of physiological signals
Haonan Zhao1, Zhongying Xue2, Xiaozhong Wu1, Zhihuan Wei1, Qiuyu Guo3, Miao Xu 3, Chunyan Qu4, Chunyu You4,
Yongfeng Mei 4,5,6✉, Miao Zhang2, Zengfeng Di2✉ and Qinglei Guo 1,2,5✉

Transient electronics that can disappear or degrade via physical disintegration or chemical reaction over a pre-defined operational
period provide essential for their applications in implantable bioelectronics due to the complete elimination of the second surgical
extraction. However, the dissolution of commonly utilized bioresorbable materials often accompanies hydrogen production, which
may cause potential or irreparable harm to the human body. This paper introduces germanium nanomembrane-based
bioresorbable electronic sensors, where the chemical dissolution of all utilized materials in biofluidic theoretically have no gaseous
products. In particular, the superior electronic transport of germanium enables the demonstrated bioresorbable electronic sensors
to successfully distinguish the crosstalk of different physiological signals, such as temperature and strain, suggesting the significant
prospect for the construction of dual or multi-parameter biosensors. Systematical studies reveal the gauge factor and temperature
coefficient of resistance comparable to otherwise similar devices with gaseous products during their dissolution.
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INTRODUCTION
Recent advances in unusual electronic materials, fabrication
strategies, and device designs have built the basis for the
development of bioresorbable electronic implants1–5, which can
provide diagnostic and/or therapeutic treatments for human
diseases. Examples include various types of functional electronic
devices, such as electrical simulators for nonpharmacological
neuroregeneration6, sensors for the monitoring of tissue or human
health status7, power supply devices for the electronic bioim-
plants8,9, and many others. Such implantable electronic platforms,
also known as transient electronics, offer several advantages for
biomedical applications10–12, most significantly in the elimination
of the second surgical extraction because they are degradable and
bioresorbable within human body over a pre-defined stable
operation. Recent works have utilized inorganic or organic
semiconductors as the active component of the fabricated
transient electronic devices/systems13–19. And continuous efforts
are devoted to enhance the device performance, functionalities,
and reliability of these implantable transient electronics. However,
the potential risks of gaseous products generated via the
hydrolysis reaction of traditional transient electronics in biofluidic
have not yet drawn significant attention. In particular, the
aggregation of hydrogen products, which is normally found in
the dissolution of element materials, may cause a toxic effect to
tissue once exceeds a specific level20–22. Although other
candidates, such as zinc oxide (ZnO)23, indium gallium zinc oxide
(IGZO)24, and biodegradable organic semiconductors5,25, have no
gaseous products during their degradation according to their
chemical reaction mechanisms, one or more disadvantages
involve in moderate device performance, poor compatibility with
state-of-the-art semiconductor fabrication technology, or partial
degradability.

One of the most reliable approach to address the above issue
involve in the reduction of dissolution rate, which accompanies
slow formation speed of gaseous products20. With optimized
modification of the active layers, slow degradation of a transient
electronic implant is expectable. Previous report demonstrated
that the dissolution rate of silicon could be significantly reduced
by the increase of the doping concentration26. From the viewpoint
of device functionality, however, the expanded use of a pure
highly-doped silicon is limited, since most of silicon-based
electronic devices involve in both high-doping and low-doping
concentration regions. Therefore, important considerations in the
choice of active materials for implanted transient electronics
include: (i) carrier mobility for high-performance devices; (ii)
compatibility with the state-of-the-art process for device fabrica-
tion; (iii) flexibility for reducing the mechanical mismatch between
device and tissue/organs; (iv) biocompatibility and biodegrad-
ability after their implantation; (v) ability for reducing or
eliminating the gaseous products.
Here, we demonstrate a biodegradable electronic sensor, with

integrated biosensing ability of multiple physiological signals by
utilizing germanium nanomembranes as the active materials. Key
advantages of germanium nanomembranes are in capabilities for
theoretically eliminating the gaseous products during the
dissolution. Moreover, germanium has a small forbidden band-
width and large carrier mobility, thus leading to small transit time
and high operation speed27,28, of relevance to fast signal
acquisition and high-frequency device. The fabricated
germanium-based sensors can distinguish the crosstalk of
different physiological signals, such as temperature and strain.
Systematic studies reveal that the variation in temperature has
negligible effect on the gauge factor (GF) of the biodegradable
germanium-based sensor, and the temperature coefficient of
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resistance (TCR) also keeps as constant at different strain levels,
thus providing basis for the integrated biosensing of multiple
physiological signals. These presented results demonstrate the
significant potential for the use of germanium in high-
performance and reliable transient electronic implants.

RESULTS AND DISCUSSION
Key materials and components of biodegradable germanium-
based sensors
Figure 1a illustrates key materials and exploded schematics of the
biodegradable electronic sensor. The multilayer device configura-
tion from the bottom to the top consists of an iron (Fe) or
molybdenum (Mo) foil as the flexible substrate with a thickness of
approximately 30 μm, a 200 nm-thick SiO2 layer grown by plasma-
enhanced chemical vapor deposition (PECVD) as the insulator, a
spin-on-glass (SOG) as the adhesive layer to facilitate the following
transfer of germanium nanomembranes, a single-crystalline
germanium nanomembrane with a thickness of 200 nm serving
as the active layer, ultrathin gold (Au, 30 nm) nanomembrane
electrodes deposited by e-beam evaporation, and a PECVD-grown
SiO2 layer (200 nm) as the encapsulation layer. The optical
microscope image of a typical fabricated device appears in Fig.
1b. The sensitive germanium nanomembrane is defined into a
serpentine geometry with a width of 20 μm. Previous studies have

pointed out that the critical bending radius and flexural rigidity of
silicon significantly decrease with the reduction of thickness29,30.
In this regard, the fabricated germanium nanomembrane-based
sensor also exhibits good flexibility, as demonstrated in Fig. 1c.
Figure 1d shows a set of images collected from a biodegradable
germanium-based sensor on Mo foil at various times of immersion
in phosphate buffer saline (PBS) (pH= 7.4, 90 oC). The variation in
electrical resistance of the sensor at different dissolution periods is
shown in Supplementary Fig. 1. Negligible variation is observed
until a 12-h soaking. Complete dissolution of the device occurs
after 49 days at this accelerated dissolution condition. In vitro cell
culture evaluations of cytotoxicity associated with germanium
nanomembranes are shown in Supplementary Fig. 2, which
suggests a good biocompatibility27. Although Au is normally
known as chemically inert, recent studies demonstrated that Au
nanoparticles (4–22 nm in diameter) were nontoxic, biocompa-
tible31, and biodegradable in vitro by cells32. For in vivo
applications, the implanted Au nanomaterials will stimulate an
oxidative liberation of Au ions through the immune system33. The
released Au ions if in excess will bind to sulfhydryl species to form
complexes, which might be phagocytosed by mast cells and
macrophages33–36. Small Au particles (less than 5 nm in diameter)
can be directly phagocytosed by phagocytes31. All these
investigations build bases for Au that can serve as biodegradable
electrodes of implantable electronics37.
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Fig. 1 Key materials and dissolution chemistries. a Exploded schematic diagram of the key components and materials of a biodegradable
germanium nanomembrane-based sensor. b Optical microscope image of the sensor. Scale bar is 400 μm. c Optical image of a 2 × 2 sensor
array at the bending state, suggesting good flexibility of the device. Scale bar is 1 cm. d Optical images of the accelerated dissolution of a
biodegradable sensor in PBS (pH= 7.4, 90 °C) at different time frames. e Chemical equations of each of the constituent materials reacting with
water, and all of the reactions theoretically have no gaseous products.
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The chemical reactions of other utilized biodegradable materi-
als appear in Fig. 1e, 2Mo+ 3O2+ 2H2O→ 2H2MoO4, 4Fe+ 3
O2+ 6H2O→ 4Fe(OH)3, SiO2+ 2H2O→ Si(OH)4, where no gaseous
products exist, leading to improved safety and reliability of the
fabricated sensor as the biomedical implants. Notably, the use of
germanium nanomembrane as the active layer is important. As
summarized in Supplementary Fig. 3, germanium has the highest
carrier mobility compared to other biodegradable semiconduc-
tors38, offering significant potential for the following construction
of high-performance sensors or integrated sensors. The full
compatibility with state-of-the-art semiconductor technology
enables the convenience and large-scale production of
germanium-based transient electronics. The utilized germanium
nanomembrane, with a thickness of about 200 nm, also has a
good flexibility30, thus satisfying the mechanical requirement for
the possible applications in bioelectronic implants. The full
degradability (see the following results) of germanium builds up
the fundamentals for transient electronics27. Besides, the dissolu-
tion of germanium in biofluidic, in a hydrolysis reaction manner,

theoretically have no gaseous products, which can eliminate the
potential risks to tissue or organ induced by the accumulated
gaseous products39. Experimental demonstrations about the non-
gaseous dissolution process of germanium are shown in
Supplementary Fig. 4, and the dissolution of silicon is utilized as
a control.

Dissolution mechanism of germanium nanomembranes
To further understand the dissolution properties of germanium
nanomembranes, square relief array with a dimension of
30 μm× 30 μm and a spacing of 30 μm is fabricated on a
germanium-on-insulator (GOI). Systematical studies are performed
by utilizing a polydimethylsiloxane (PDMS) well as the container,
which forms intimate chemical bonds with the exposed buried
oxide of the patterned GOI, for bio-fluidics, as schematically shown
in Fig. 2a, including deionized water (DI water) and PBS. Figure 2b
shows an optical microscope image of germanium nanomem-
brane relief array. Figure 2c shows the atomic force microscope
(AFM) images of a typical germanium nanomembrane relief at two
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Fig. 2 Dissolution of germanium nanomembranes. a Schematic diagram of the key components and materials for testing the dissolution
behaviors of germanium nanomembranes. The right highlights the chemical bonds between UV-ozone-treated PDMS and silicon dioxide.
b Optical microscope image of a germanium relief array, which is formed directly on a GOI wafer. Scale bar is 200 μm. c AFM images of a
typical germanium relief, with a dimension of 30 × 30 μm, at different dissolution periods (top: 0 h; bottom: 24 h) in DI water (37 °C). d AFM
profiles of a typical germanium relief at different dissolution periods in 10× PBS (pH= 7.4, 37 oC). e Experimental (symbols) and fitted (lines)
changes in thickness varying with dissolution time for germanium nanomembranes soaked in 10× PBS (pH= 7.4, 37 oC, blue) and DI water
(37 °C, red). Error bars indicate standard deviations. f Optical microscope images of germanium nanomembrane-based “SDU” logo at different
dissolution time frames. Scale bar is 100 μm.
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different dissolution periods, i.e., 0 h and 24 h, in DI water (37 oC).
Similar results are also demonstrated by the scanning electron
microscope (SEM) measurement, as shown in Supplementary Fig.
5. Line cuts obtained from AFM across the germanium nanomem-
brane relief at different dissolution periods in PBS (pH= 7.4, 37 °C)
appear in Fig. 2d. A droplet-like surface of the germanium
nanomembrane relief forms as the dissolution proceeds, e.g., 4 h
(see the pink curve in Fig. 2d), which is attributed to the
simultaneous lateral degradation effect, thus resulting in a much
faster dissolution rate at the relief edge compared to the middle
region. Figure 2f visually verifies this simultaneous lateral
degradation effect. The defined germanium nanomembrane-
based letters “SDU”, with a format of Time New Roman, have a
much faster dissolution rate at the position that has a much
narrower lateral size, as shown in the middle panel of Fig. 2f.
Nevertheless, after a 7 h immersion in PBS, the defined “SDU” is
completely dissolved, as shown in the right panel of Fig. 2f. These
presented results confirm a good degradability of germanium
either in DI water and PBS. Figure 2e summarizes the height of
germanium relief varying with the dissolution time in DI water (red
dots) and PBS (blue dots), and the linear fitting infers a dissolution
rate of ~6.5 nm h−1 in PBS (pH= 7.4, 37 oC) and ~1 nm h−1 in DI
water (37 °C), respectively.
Since the utilized germanium nanomembrane of GOI wafer is

single-crystalline, the dense atomic structure will prevent the
biofluidic from entering the interior of the crystal. As a result, the
thickness of germanium nanomembrane is uniformly reduced as
the degradation proceeds, as demonstrated by the high-
resolution transmission electron microscope (HR-TEM) measure-
ment (see Supplementary Fig. 6). Therefore, the hydrolysis
reaction of germanium nanomembrane with biofluidic has a
similar biodegradation behavior, i.e., surface erosion reaction
mechanism, to that of silicon nanomembranes, which can be
described as nucleophilic attack model40. To further verify this
surface erosion reaction mechanism, Raman scattering results are
collected from germanium nanomembranes at different acceler-
ated dissolution (10× PBS, 90 °C) periods, as shown in Supple-
mentary Fig. 7. As the dissolution proceeds, the Raman scattering
peak position of germanium nanomembrane has no obvious shift
(constant as ~301 cm–1) unless its complete dissolution (green
curve), indicating that the lattice structure of the remaining
germanium nanomembrane has no significant damage. HR-TEM
images shown in Supplementary Fig. 6 also verify this surface
erosion reaction mechanism. In terms of practical applications for
bioelectronic implants, a recent study has demonstrated that
various ions in tissue fluids will promote the nucleophilic attack on
the exposed surface of biodegradable materials41, which can
further accelerate the degradation process. Moreover, the pH and
temperature of the biofluidic can also strongly affect the
dissolution rate of germanium27. Therefore, the obtained degra-
dation rate (Fig. 2e) can only serve as guidance for the evaluation
of the operation time of the biodegradable germanium electro-
nics. Nevertheless, appropriate material strategies for the encap-
sulation layer can realize the control over the lifetime of
biodegradable germanium electronics within the human
body42–44, and thus be suitable for the monitoring and/or
treatment of either acute or chronic diseases45,46.

Fabrication of biodegradable germanium-based sensors
The demonstrated biodegradability of germanium nanomem-
branes provides possibilities for the construction of biodegradable
germanium electronics. In particular, the piezoresistance effect or
the thermal effect on the electrical resistance of germanium forms
the fundamentals for germanium-based strain or temperature
sensors47–49. The following describes the fabrication process of
germanium-based biodegradable sensors, as schematically illu-
strated in Fig. 3a. The top germanium nanomembrane of a GOI

specimen is patterned into a serpentine ribbon via photolitho-
graphy and inductively coupled plasma-reactive ion etching (ICP-
RIE). The corresponding cross-section pseudo-colored SEM image
is shown in Fig. 3b. Then, the buried oxide layer is partially etched
by buffered hydrofluoric acid (BOE), forming a suspended
germanium ribbon edge, as shown in Fig. 3c. After that, secondary
photolithography is utilized to define the photoresist (PR) anchor
underneath the germanium ribbon edge, as shown in Fig. 3d.
Notably, the defined PR anchor can maintain the layout of the
released germanium ribbons after the full removal of the buried
oxide layer50,51, as demonstrated in Fig. 3e, thus facilitating the
deterministic assembly of germanium nanomembranes on desired
substrates via the following transfer printing technique52–54. A
cured PDMS slab is used as the stamp for the transfer and printing
of the released germanium ribbons on the prepared biodegrad-
able substrate, which consists of a multilayer configuration, i.e.,
iron foil as the substrate, PECVD SiO2 as the electrical insulation
layer, and SOG as the adhesion layer for enhancing the adhesive
force between the printed germanium ribbons and the prepared
substrate. Annealing treatment of the spin-coated SOG at nitrogen
environment is performed to prompt the condensation reaction
between Si(OH)4 molecules to yield Si–O–Si bonds, which has
been demonstrated to be biocompatible and biodegradable55.
Finally, ultrathin Au electrodes are formed by electron beam
evaporation, followed with a 200 nm SiO2 encapsulation layer by
PECVD. More details can be found in the Methods.

Characterizations on biodegradable germanium-based
sensors
Figure 4a shows the change in the electrical resistance of a
biodegradable germanium strain sensor varying with the applied
strain, which is caused by bending the device (the inset of Fig. 4a),
and the applied strain (ε) can be calculated by the following
equation56,

ε ¼ t=2
r

´ 100%; (1)

where r is the radius of curvature, t is the thickness of the device.
Detailed calculation about the radius of curvature can be found in
Supplementary Fig. 8. Furthermore, the GF, which represents an
important parameter to evaluate the performance of a strain
sensor, is expressed as49,

GF ¼ ΔR=R0
ε

; (2)

where ΔR is the change in resistance, R0 is the initial resistance
without bending. According to the experimental results and Eqs.
(1) and (2), the GF of our fabricated device is estimated to be
about 27, which is comparable to those of previously reported
biodegradable strain sensors57. Notably, further improvement in
GF of the demonstrated germanium-based device is available by
optimizing its layout design, thickness, and the doping concen-
tration of germanium nanomembranes57.
The ability of a strain sensor to track the variation frequency of

different human signals, such as the heartbeat (60–100 times per
minute), respiration (12–20 times per minute), and Parkinson’s
disease (the tremor frequency mostly exhibits in 4–6 Hz)58, is
essential for the monitoring of human health status or for the
recognition and assessment of human diseases. In this regard, the
response of our fabricated biodegradable strain sensor to cycling
bending signals with different bending frequencies is character-
ized. The bending frequency is controlled by a commercial force
gauge (ESM303, Mark-10 Corporation). As shown in Fig. 4b, the
fabricated sensor can response different bending operations with
the frequencies of 0.45, 0.85, and 1.2 Hz, revealing the feasibility of
sensing various human strain signals with a wide frequency range.
Moreover, the response times of the sensor that responses to the
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status from flatting to bending (ton) and the status from bending
to flatting (toff) are 0.13 s and 0.12 s, respectively, as shown in Fig.
4c. Considering that the status switching between bending and
flatting is realized by the movement of the slidable clamp, which is
a gradual process for the utilized farce gauge, the actual response
time of the sensor should be much smaller than the measured
value. Characterizations at a cycling bending condition demon-
strate the stability of the fabricated sensor. As shown in Fig. 4d,
the sensor exhibits a consistent resistance change more than 600
bending cycles. Figure 4e and f shows the magnified results
obtained at the initial and near the end of Fig. 4d, where no
significant change in the stability is found.
Extended functionalities of this same platform are also available,

such as the precision measurement of temperature, according to
the temperature-dependent electrical resistance of germanium
nanomembranes48. The resistance (or conductance) of germanium
changes by an amount linearly proportional to temperature, as
expressed by the following equation,

R ¼ R0 1þ αðT � T0Þð Þ; (3)

where R is the measured resistance at temperature T, R0 is the initial
resistance at temperature T0 (i.e., room temperature), and α is the
TCR. Figure 5a shows the in vitro setup for the measurement of the
prepared biodegradable temperature sensor. A commercial tem-
perature sensor is placed adjacent to the device for calibration, and
a constant temperature incubator is used to preciously control the
environmental temperature. Current–voltage (I–V) characteristics of
the prepared sensor measured at different temperatures appear in
Fig. 5b, exhibiting a good Ohmic contact between germanium

nanomembrane and gold electrode. Moreover, the resistance
increases (see the inset of Fig. 5b) as the environment temperature
gradually increases from 26.6 to 43.8 °C. Figure 5c summarizes the
corresponding resistance varying with the temperature, revealing a
good linear relationship (red fitting curve). According to Eq. (3), the
TCR of the prepared biodegradable temperature sensor is
calculated as 2.4 × 10–3, which is comparable or much higher than
those of previously reported biodegradable temperature sensors,
as summarized in Table 1 of the Supporting Information. Notably,
the TCR of a semiconductor-based temperature sensor can be
further enhanced by the optimization in the dopant type and/or
doping concentration57, which is convenient for the utilized
germanium nanomembranes.
Moreover, the prepared biodegradable temperature sensor

exhibits an outstanding accuracy for temperature sensing, with a
resolution of 0.1 °C, as shown in Supplementary Fig. 9 of the
Supporting Information. Possible strategies, such as decreasing
the doping concentration59, modulating the Fermi energy level,
and confining the carriers in intrinsic region via proper dopant
impurities60, optimized device configuration design61, can further
improve the temperature sensing resolution. Continuous tem-
perature monitoring (20 minutes) of an incubator under different
working modes, including turning off the electrical power for
natural cooling-down process (I), opening the inner and outer
doors for the accelerated cooling-down process (II), turning on the
electrical power for the slow heating-up process (III), and closing
the inner and outer doors for a constant temperature (IV), is
performed by the prepared sensor, and a commercial temperature
sensor is utilized for comparison. As shown in Fig. 5d, the prepared
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temperature sensor can exactly track the temperature variations of
the incubator, revealing a high degree of agreement with the
results obtained by the commercial sensor. These presented
results suggest significant potentials of the developed biodegrad-
able germanium nanomembrane-based temperature sensor for
the real-time monitoring of physiological temperature with high
accuracy and high sensing resolution.
The presence of both thermoresistive and piezoresistive

effects within germanium nanomembranes offer possibilities
for the fabrication of integrated biosensors, which can be
utilized for the simultaneous monitoring of physiological signals,
such as strain and temperature. Therefore, electrical properties
of the prepared biodegradable germanium nanomembrane-
based sensor under the co-exist of temperature and strain
variations are characterized. Figure 6a shows the resistance
mapping result of the device varies with both temperature and
strain. It is clear that the measured resistance exhibits a linear
relationship with the applied strain, with a temperature-
independent slope, as revealed in Supplementary Fig. 10a of
the Supporting Information. Similar results are also found in the
linear relationship between the measured resistance and the
environment temperature, with a strain-independent slope, as
shown in Supplementary Fig. S10b of the Supporting Informa-
tion. According to Eq. (2), the calculated average GF is 26.7 at
different temperatures, as shown in Fig. 6b, with a small
standard deviation of 0.7, suggesting the negligible temperature
effect on the accuracy of strain sensing. Besides, the average
temperature sensitivity at different applied strains is obtained as
105 Ω/°C, as shown in Fig. 6c, with a small standard deviation of
3.54 Ω/°C, indicating the negligible strain effect on the accuracy
of temperature sensing.
These presented results of temperature-independent strain

sensing and strain-independent temperature sensing offer

fundamentals for the integrated biosensing of strain and
temperature. To verify the integrated biosensing capability,
in vitro experiments are performed. As schematically illustrated
in Fig. 6d, one side of the prepared sensor is attached to the outer
wall of a circular beaker (I), where no strain is applied. After the full
attachment (II), the strain will generate within the sensor due to
the bending effect. Then, hot water is poured into the beaker (III),
inducing an increased temperature applied to the sensor. After
that, the reduction of temperature is realized by adding iced water
into the beaker (IV). Finally, the sensor is released to its initial
status (I). During the whole process, the sensor experiences
complex crosstalk of different signals, successively including
bending strain, increased temperature at the bending status,
decreased temperature at the bending status, and released strain.
Since the prepared biodegradable germanium nanomembrane-
based sensor exhibits negligible temperature effect on strain
sensing and negligible strain effect on temperature sensing,
distinguishing the crosstalk between strain and temperature is
expectable. Figure 6e shows the resistance variations (black curve)
throughout the whole process illustrated in Fig. 6d. It is clear that
the fabricated device can rapidly response to the change of the
external environment conditions, which is also seen in Supple-
mentary Video 1 of the Supporting Information. According to Eqs.
(2) and (3), the co-effect of temperature and strain on the
resistance of the prepared device can be described as57,

R ε;Tð Þ ¼ R ε¼0;Tð Þ 1þ Gεð Þ ¼ R ε¼0; T¼T0ð Þ½1þ αðT � T0Þ�ð1þ GεÞ; (4)

R ε;Tð Þ is the final resistance affected by both strain and
temperature, R ε¼0;Tð Þ is the resistance when only temperature is
applied, G is the gauge factor, and R ε¼0;T¼T0ð Þ denotes the initial
resistance without applied strain nor temperature variation
(normally at room temperature). Based on Eq. 4, the strain and
temperature at each operation status are calculated, as displayed
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in Fig. 6e. Notably, the obtained strain and temperature are
consistent with the theoretical strain value (calculated by Eq. (1))
and the measured temperature value by a commercial sensor,
respectively.
In summary, the results presented here provide the basis for

germanium electronics to serve as biodegradable and implantable
platforms, with promising applications in biomedical engineering.
The gas-free degradation process and ability to distinguish the
crosstalk of different physiological signals, in particular the real-
time monitoring of strain and temperature variations, in platforms
that are built entirely with biocompatible and bioresorbable
materials represent the main points of interest. Systematic studies
reveal the temperature-independent strain sensing and strain-
independent temperature sensing of the proposed biodegradable
germanium nanomembrane-based sensors. The presented in vitro
demonstrates foreshadow opportunities in the integrated

biosensing of physiological signals, as potential highly dense
platforms for the accuracy diagnose of human health status.

METHODS
Fabrication of biodegradable germanium sensors
Fabrication began with the commercially available GOI wafer, with the top
germanium nanomembrane being 200 nm in thick and the buried oxide
layer being 2 μm in thick. Photolithography and inductively coupled
plasma-reactive ion etching (ICP-RIE) were utilized to define the top
germanium nanomembrane into serpentine strip with a width of 20 μm.
Then, the patterned GOI was immersed in HF (49%, Macklin) for 2 min to
partly etch the buried oxide. The following spin-coating of photoresist
enabled the full cover of the patterned germanium nanomembrane, as
well as the fill of photoresist into the beneath of the suspended
germanium strip. Then, another photolithography with full-exposure of
ultra-violet light was used to define the anchor structure underneath the
suspended strip. After that, the prepared sample was immersed in HF for
30min to fully remove the buried oxide layer, thus releasing the patterned
serpentine strip, which was picked up and transferred to the prepared
biodegradable substrate by a PDMS stamp. Finally, Ti/Au (5/30 nm)
electrodes grown by electron beam evaporation and SiO2 encapsulation
layer (200 nm) deposited by PECVD completed the fabrication of a
biodegradable germanium sensor.

Preparation of biodegradable substrates
A spin-coated PDMS (10:1) on glass served as the temporary support for
the biodegradable substrates. Biodegradable metal foils, such as Fe (30 μm
in thickness) and Mo (50 μm in thickness), were attached to the partly
cured PDMS/glass substrate. After the fully curing treatment (70 °C, 3 h), an
electrical insulation layer of SiO2 (200 nm) was grown by PECVD. Then, a
SOG layer was spin-coated (800 rpm, 30 s) to serve as the adhesion layer
for the subsequent transfer printing of germanium nanomembranes. After
the transfer printing, annealing treatment that can prompt the condensa-
tion reaction between Si(OH)4 molecules to yield Si–O-Si bonds was
performed in a nitrogen ambient at 270 °C for 1 h.
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Fig. 5 Evaluations on the temperature response of the fabricated sensor. a In vitro setup for the measurement of biodegradable
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Table 1. Comparison of key parameters measured from various
biodegradable temperature/strain sensors fabricated with different
materials.

Material TCR Sensitivity Temp. range Gauge factor Ref.

Si 0.0012/°C 8Ω/°C* 27–45 °C 20.9 7

Si 0.0005/°C 43Ω/°C* 23–44 °C 30 57

Si 0.00611/°C 555Ω/°C* 25–65 °C – 58

Mg 0.00245/°C 70Ω/°C 20–50 °C – 62

Mg 0.08/°C 0.014Ω/°C 34–52 °C – 63

Ge 0.0024/°C 105Ω/°C 25–45 °C 27 This
work

*Represents the data calculated from the reference.
Bold values represent our work.
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Dissolution of germanium and characterizations
The dissolution of germanium started with the patterning of a GOI wafer.
The thickness of top germanium nanomembrane was 50 nm. Photolitho-
graphy and ICP-RIE were utilized to define the germanium relief array, with
the dimension of a single relief of 30 × 30 μm and a spacing of 30 μm.
Then, the dissolution of the germanium relief array was accomplished by
soaking in PDMS well-contained DI water or PBS at the physiological
temperature, i.e., 37 °C, which was controlled by a constant temperature
incubator. After the dissolution at different times, the sample was
immediately rinsed with DI water, and dried by a condensed nitrogen
gas gun. Then, AFM, SEM, and Raman scattering measurements were
performed to monitor the corresponding height reduction and crystalline
quality of germanium reliefs, which were degraded at different times.

Test of the sensor
The electrical properties of the sensor were measured by using a digital
multimeter (Keysight 2450). The evaluation of the strain response was
performed by measurements of the electrical resistance of the sensor,
which was attached to circular subjects with different curvature radiuses.
The strain response to the cycling bending strain, which was realized by a
commercial force gauge (ESM303, Mark-10 Corporation), was evaluated by
the measurement of the electrical resistance. The evaluation of the
temperature response was performed by measurements of the electrical
resistance of the sensor under different environment temperatures, which
were controlled by a constant temperature incubator, and a commercial
temperature sensor was utilized for the calibration.

DATA AVAILABILITY
The data generated and analyzed during the study are available from the
corresponding authors on a reasonable request.
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