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Ultra-thin atom layer deposited alumina film
enables the precise lifetime control of fully
biodegradable electronic devices†
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Atomic layer deposited (ALD) ultra-thin alumina film is proposed to control the operational lifetimes of

fully biodegradable (FB-) surface sensitive surface acoustic wave (SAW) devices. SAW devices encapsulated

with conventional thick organic materials fail to function effectively, while devices with an ultra-thin

alumina encapsulation layer (AEL) function normally with high performance. After being subjected to

degradation in water, a FB-SAW device with no AEL starts to degrade immediately and fails within 8 h, due

to dissolution of the tungsten electrode and piezoelectric material (ZnO). The coating of an ultra-thin AEL

on the surfaces prevents SAW devices from undergoing degradation in water and enables SAW devices to

perform normally before the AEL is dissolved. The stable operation lifetimes of SAW devices are linearly

dependent on the AEL thickness, thus allowing for the design of devices with precisely controlled oper-

ational lifetimes and degradation times. The results show that all the materials used could be degraded;

also, in vitro cytotoxicity tests indicate that the encapsulated FB-SAW devices are biocompatible, and cells

can adhere and proliferate on them normally, demonstrating great potential for broader biodegradable

electronic device applications.

1. Introduction

The development of biodegradable electronic devices and
systems is critically important for reducing electronic waste
pollution and developing implantable/transient electronics.
This is because biodegradable electronic devices are not only
able to deliver normal functionalities as conventional elec-
tronics, but they can also be degraded completely by natural
water or biofluids after operating stably for a designed period,
with no negative effects on the environment or human body.

Similar to conventional electronics, biodegradable electronic
devices are expected to function properly with stable perform-
ance within the designed time span before starting to degrade,
rather than degrading right from the beginning of their
deployment/implantation. In reality, encapsulation layers are
needed to protect devices and systems from biodegradation for
a certain period, during which the devices and systems are
intact and function as normal devices. Otherwise, bio-
degradable devices without proper encapsulation layers will
start to degrade immediately and be unable to deliver proper
and stable functionalities from the very beginning. Substantial
progress has been made in developing functional bio-
degradable electronic devices, such as capacitors,1 diodes and
field effect transistors,2,3 and antennas,4 and they have been
intensively exploited as medical sensors,5 primary batteries,6

energy harvesters,7 etc. For these applications, thick bio-
degradable organic materials, such as poly(lactic-co-glycolic
acid) (PLGA) and silk protein that were used for fabricating the
devices have been used as the encapsulation layers, as well as
the substrates, for protecting biodegradable devices.5,8 This
strategy may be suitable for some devices where signals are
transmitted inside the devices and the transmission is not
influenced by the surface conditions, such as resistive-type
devices, inductance-type devices, capacitive-type devices,9 field
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effect transistors,2 etc. However, a lot of sensors rely on the
detection of small changes at the surface, such as displace-
ment, additional mass, biochemical reactions, etc., such as
SAW devices,10 cantilever-based devices,11 etc. Under these cir-
cumstances, thick organic packaging materials will lead to
serious consequences, such as the complete failure of func-
tionality, serious reductions in the sensitivity of the sensors,
and considerable increases in energy loss. Therefore, it is
important to find universal encapsulation materials for
these surface sensitive devices that are easy to apply, bio-
degradable, very thin, and will not influence performance of
the electronic devices, and allow precise lifetime control.
Alumina films grown by ALD methods seem to meet these
requirements.

Compared with organic encapsulation, ALD-grown alumina
film possesses several advantages: it is possible to obtain high-
quality film with a low density of defects and pin-holes, ultra-
thin dense film, precisely controlled thickness,12 excellent uni-
formity in thickness, and conformal deposition on any shape of
substrate or device.13 Meanwhile, alumina is a biocompatible
ceramic material and it has been intensively used in dental
implants and bone screws.14 Furthermore, ALD alumina films
have been applied as moisture permeation barriers on poly-
mers,15 Si nanowires,13,16 ZnO film17 and copper12 in
aqueous,13,15,18 physiological13 and multi-chemical environ-
ments.19 Although ALD alumina films have shown excellent pro-
tection properties on these materials in these environments, it
is unclear whether they can be used as protective encapsulants
for biodegradable surface sensitive electronic devices without
influencing their performance, as well as allowing degradation
in water with controllable service lifetimes.

To investigate the protection performance of AELs for fully
biodegradable surface sensitive devices, we fabricated FB ZnO-
based SAW devices and used them as testing platforms. SAW
devices are an excellent platform for this research, especially
delay-line type SAW devices operating in Rayleigh wave mode,
as their working principle is that acoustic waves are generated
and travel along the surface. As such, they are very sensitive to
surface conditions, such as mass load, viscous changes, etc. In
addition, inverted ZnO-based SAW devices fabricated on a
SiO2/Si substrate coated with ALD alumina film have been suc-
cessfully used for real-time bacterial biofilm monitoring,
which indicates that alumina films can protect ZnO films from
corrosion by biofluids.20 However, they cannot be used for
fully biodegradable applications, and the protection period
and degradation mechanism have not been investigated yet. In
this paper, we fabricated Rayleigh wave mode FB-SAW devices
coated with AELs to study the influence on the surfaces of SAW
devices directly; the protection mechanism and degradation
mechanism were also investigated sequentially.

2. Results and discussion

To demonstrate the encapsulation function of the AELs in bio-
degradable devices, FB-SAW devices were fabricated first. The

selection of materials is very important when designing a new
FB-SAW device. Here we used PLGA, ZnO and tungsten (W) as
the substrate, piezoelectric and electrode materials, respect-
ively, for the SAW devices, based on the following reasons. (1)
PLGA has been intensively investigated for biomedical appli-
cations, particularly drug delivery.21,22 Compared to other bio-
degradable substrates, such as gelatin,23 silk protein,8 etc.,
PLGA has better properties for controlled degradation.21 (2)
Piezoelectric materials are essential for SAW device fabrication;
common piezoelectric materials include ZnO, AlN, LiNiO3,
lead zirconate titanate (PZT) and polyvinylidene fluoride
(PVDF). Among these, only ZnO is biodegradable and biocom-
patible, and the byproducts of its degradation are environmen-
tally friendly.24 (3) W metal has been used widely to fabricate
biodegradable devices and can work stably without
oxidizing.1,3 The FB-SAW devices were fabricated with a PLGA
\ZnO\W\alumina structure, as shown in Fig. 1a. A solution-
coating method was used to obtain PLGA films on glass
support substrates, while ZnO films and W electrodes were

Fig. 1 (a) A schematic drawing of the FB-SAW device structure. (b) (i) A
photo of an as-fabricated FB-SAW device and (ii) a cross-sectional SEM
image of the PLGA\ZnO\W\alumina device structure; the inset image
shows the interface between the W film and alumina film. The scale bar
is 1 μm. (c) A summary of the S21 spectra of FB-SAW devices encapsu-
lated without/with PLGA/PVA. (d) A summary of the S21 spectra of SAW
devices with AEL layer thicknesses of 0, 5, 10, 15 and 20 nm; the inset
image shows a detailed view of the resonant peaks. (e) The frequency
responses of devices without an AEL and with a 10 nm-thick AEL to rela-
tive humidity changes. (f ) A summary of the frequency responses of
devices with AELs of different thicknesses to relative humidity changes.
The water contact angles on the ZnO film (g) and alumina film (h) sur-
faces used in this work.
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obtained via patterning and sputtering deposition methods.
The alumina films were subsequently grown via ALD on top of
the SAW devices and, finally, the devices were peeled off from
the glass support substrates mechanically. Details relating to
the material preparation and fabrication processes are pro-
vided in the Experimental section. Fig. 1b shows an optical
image of an as-fabricated FB-SAW device (Fig. 1b(i)). A cross-
sectional SEM image of the device structure is also given
(Fig. 1b(ii)), which indicates the well-defined multi-layer struc-
ture, while the inset image shows the clear interface between
the W film and alumina film.

When designing a new encapsulant for SAW devices, issues
that need to be considered include the lattice matching, acous-
tic velocity matching, etc. Encapsulants with smaller lattice
mismatch with piezoelectric layer and higher acoustic velocity
are beneficial for obtaining a higher acoustic velocity and lower
acoustic attenuation. The interface between alumina film and
ZnO film has a small mismatch,25 and the acoustic velocity of
alumina film (9900 m s−1) is much higher than common thick
organic encapsulants, such as PLGA (∼2300 m s−1)26 and poly-
vinyl acetate (PVA) (∼1570 m s−1).27 It seems that alumina film
is a good encapsulation layer for ZnO-based SAW devices.
Fig. 1c gives a performance comparison for SAW devices with
and without a PLGA (or PVA) encapsulation layer; this clearly
shows the detrimental effect of organic encapsulation layers on
the devices. The S21 transmission spectrum shows a well-
defined resonance peak with an amplitude of 17 dB for the
control device with no encapsulation layer. However, the reso-
nance peak almost disappears when devices are encapsulated
in PVA or PLGA, indicating that almost all the acoustic energy
emitted by the interdigital transducer (IDT) transmitter is
absorbed by the organic encapsulation layer, which leads to
SAW device malfunction.

Fig. 1d shows the S21 spectra of devices encapsulated in
AELs of different thicknesses. The resonance frequencies of all
the SAW devices are similar, in the range of 91.9–92.5 MHz, and
the amplitudes of the S21 spectra are about 14–16 dB, with devi-
ations within the expected experimental fluctuations. In con-
trast to the results from devices encapsulated in organic
material layers, the devices with AELs show completely different
performance results. Alumina film does not affect the trans-
mission characteristics of the SAW devices obviously, and all
the devices possess a resonance peak with a similar frequency
and amplitude to the control sample (without AELs); however,
the AELs also have excellent protective functionality for ZnO-
based SAW devices, as will be discussed in the following parts.

Due to the nature of the biodegradable materials used in
these electronic devices, they start to degrade immediately
once deployed in the natural environment or in the body, as
water vapor exists everywhere and will influence the perform-
ance of the devices, especially in places with relatively high
humidity. Therefore, the performance response to humidity is
important for biodegradable devices, and the frequency
responses to humidity of FB-SAW devices with AELs of
different thicknesses were investigated here. Fig. 1e shows the
frequency responses of FB-SAW devices without an AEL and

with a 10 nm-thick AEL. The step changes of the resonance fre-
quency shift become more significant as the humidity
increases for both types of SAW devices, and the frequency
shifts with humidity are non-linear, as is commonly observed
for SAW humidity sensors.28 For the device without an AEL,
the resonance frequency shifts are about 16.8 kHz and 132
kHz for relative humidity changes from 10%–20% RH and
80–90% RH, respectively (nearly eight times larger at 80–90%
RH). For the device with a 10 nm-thick AEL, the corresponding
shifts are 8.5 kHz and 61.1 kHz, respectively; this is a seven-
fold increase, slightly smaller than what is observed for the
device without an AEL. A similar phenomenon was also
observed from all other devices encapsulated with AELs of
different thicknesses, as shown in Fig. 1f. For a step change of
10% RH, the frequency shifts of the devices with 0, 5, 10, 15,
and 20 nm-thick AELs are 16.8, 10.7, 8.5, 9.2 and 9.8 kHz,
respectively, at 20% RH, 110.2, 72.5, 54.9, 59.7 and 62.8 kHz,
respectively, at 50% RH, and 453.1, 297.9, 240.7, 283.5 and
243.9 kHz, respectively, at 90% RH. These results imply that
the AEL could reduce the influence of humidity on the per-
formance of FB-SAW devices; this phenomenon is attributed to
the hydrophobic nature of the alumina layer and could be
explained by the mass loading effect (see the explanation in
the ESI† for details). In the case of humidity, the mass change
is determined by the condensation of water vapor on the
surface of the device, which greatly depends on the surface con-
ditions of the SAW device.29 Fig. 1g and h show the water
contact angles on the surfaces of the ZnO film and alumina
film used in this work. This indicates that the surface of the
alumina film, whose water contact angle is 109°, is more hydro-
phobic than the surface of the ZnO film, whose water contact
angle is 30–65° (or smaller depending on the surface con-
ditions);30 this is more detrimental to the condensation of
water vapor, and will eventually result in a significant reduction
in the frequency shift. However, the surface conditions of AELs
with different thicknesses are approximately the same, so the
humidity response differences are quite small. These results
demonstrate that AELs could effectively reduce the influence of
environmental humidity while protecting the devices.

AELs on the surfaces of SAW devices actually count as mass
loading as well; however, they do not shift the resonance fre-
quency downward, but improve the performances of ZnO-
based SAW devices, with increased frequency and amplitude
as the AEL thickness increases, as shown in Fig. 1d. This may
be due to the following reasons. Firstly, the AEL is very thin
and the additional mass is small, so it does not affect the reso-
nance frequency significantly. Secondly, the improvement in
device performance could be attributed to annealing effects on
the ZnO film.31,32 During AEL deposition, the deposition
temperature was fixed at ∼200 °C, which has a positive anneal-
ing effect on ZnO films, by reducing structural defects, densify-
ing the film structure, etc. Furthermore, alumina films
obtained via ALD are the most suitable α-Al2O3 films (see
Fig. S1 in the ESI†), as the interface between ZnO and alumina
matches well,25 which is beneficial for obtaining higher acous-
tic velocity and lower acoustic attenuation. Of course, the
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hydrophobic nature of the alumina film will also contribute to
this phenomenon (with less water condensation on the surface
in the same measurement environment).

To accurately evaluate the effectiveness of our encapsulation
strategy, degradation experiments were carried out in phos-
phate-buffered saline (PBS) solution. Fig. 2a shows a series of
S21 spectra from a control device without an AEL during degra-
dation; the spectra indicate that the position of the resonance
peak remains unchanged, but the insertion loss decreases

quickly with an increase in the degradation time. Eventually,
the resonance peak disappears after about 8 h. When the
device was encapsulated with an AEL, different degradation
phenomena were observed. Fig. 2b shows a series of S21
spectra from a device with a 10 nm-thick AEL. The position of
the resonance peak remains unchanged as well. The trend in
the variation of the amplitudes of the S21 curves can be
divided into two stages: the amplitude remains almost
unchanged in the first stage (0–40 h), then it decreases rapidly
in the second stage (40–50 h).

In order to clarify this experimental phenomenon more
clearly, we propose to use the quality factor (Q), which is an
important criterion for assessing the performance of SAW
devices, to describe the performance variations during degra-
dation. Here, the Q factor is calculated by

Q ¼ fr
Δf

ð1Þ

where fr is the resonance frequency of the SAW device, and Δf
refers to the −3 dB bandwidth of the S21 spectrum. For better
understanding, the Q factors were normalized to minimize the
influence of Q factor differences between different devices.

Fig. 2c is a summary of the normalized Q factors as a func-
tion of degradation time for the devices with 0, 5, 10, 15 and
20 nm-thick AELs, respectively. Here, the failure of a device is
defined as occurring when the normalized Q factor drops by
50%. This is reasonable, since the resonance peak becomes so
weak that it is not possible to extract the Q factor. The failure
level is marked by the dotted purple line; when the Q factor
decreased below the dotted line, the degradation experiments
on this device were ended.

For the control device without an AEL, ZnO film and W film
start to degrade immediately once immersed in PBS solution
and the device fails quickly in about 8 h; the rapid decrease of
the normalized Q factor (Fig. 2c) indicates that the gradual dis-
solution of the W electrode and ZnO film, and the deposition
of the byproducts of degradation will weaken the piezoelectric
effect. Eventually there are no acoustic waves generated and, as
a result, the device fails. When the device is encapsulated in a
5 nm-thick AEL, the AEL protects the surfaces of the ZnO and
W films from immediate dissolution by the PBS solution until
the AEL dissolves. The normalized Q factor (Fig. 2c) remains
almost unchanged for about 24 h, corresponding to the dis-
solution time of the 5 nm-thick AEL, then it decreases quickly
and, finally, the device fails at about 32 h. When the AEL thick-
ness is increased to 10, 15 and 20 nm, the stable performance
times for the FB-SAW devices become approximately 40, 48
and 60 h, respectively, and the corresponding failure times are
about 45, 55, and 65 h, respectively. This shows that 5, 10, 15
and 20 nm-thick AELs can extend the operational lifetimes of
FB-SAW devices in PBS solution 4-, 5.6-, 6.9- and 8.3-fold,
respectively, compared to the control device. The dependence
of the operation lifetime of the SAW devices on the AEL thick-
ness is summarized in Fig. 2d; this shows that the stable oper-
ation lifetimes of the devices are linearly related to the thick-

Fig. 2 The S21 spectral evolution of devices (a) without an AEL and (b)
with a 10 nm-thick AEL during degradation. (c) A summary of the nor-
malized Q factors of devices with 0, 5, 10, 15 and 20 nm-thick AELs as a
function of degradation time; the failure level is marked by the dotted
purple line. (d) The dependence of the stable operation lifetimes of SAW
devices on the AEL thickness. The dependence of the normalized Q
factor of a device without an AEL on the degradation time (e), and
corresponding top-view SEM images of State 1–0 (f ) at 0 h, State 1-1 (g)
at 5 h, and State 1-2 (h) at 15 h. The dependence of the normalized Q
factor of a device with a 10 nm-thick AEL on the degradation time (i),
and corresponding top-view SEM images of State 2-0 ( j) at 0 h, State 2-
1 (k) at 30 h, and State 2-2 (l) at 44 h, respectively.
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ness of the AEL, which allows us to control the stable oper-
ation lifetimes of biodegradable electronic devices via control-
ling the thickness of the encapsulation layer (the dissolution
rate is ∼30 h/10 nm). Since the ALD method enables thickness
control on the nanoscale for deposition films, it is possible to
precisely control the operation lifetimes of biodegradable or
transient electronic devices and systems. Devices with
5–20 nm-thick AELs are suitable for bio-applications that last
several days, and thicker AELs need to be investigated for con-
trollable longer-term applications in the future.

The evolution of the device surface morphology during
degradation was investigated in detail via SEM characterization
at different dissolution stages, and correspondence between
the Q factor and the surface topography can provide direct evi-
dence for the degradation of device performance and the pro-
tection mechanism of the AEL. The top-view surface mor-
phology of ZnO film is a cell-unit like shape (see Fig. S2 in the
ESI†), which does not change even with W and AEL films on
the top of it (thicknesses of ∼200 nm for W, and 0–20 nm for
AEL) as shown in Fig. 2f and j (devices without and with a
10 nm-thick AEL in State 1-0 and State 2-0, respectively). For
the device without an AEL, the normalized Q factor drops
rapidly, even within a few hours (Fig. 2e). After 5 h degradation
(State 1-1), the W film and ZnO film surfaces are corroded and
transformed from ordered cell-unit like shapes into disordered
granular shapes (Fig. 2g). After 18 h degradation (State 1-2,
when the device failed after about 8 h), some large-scale holes
appear on the surface of the W film, and small pin-holes and
many large granular depositions created by degradation reac-
tions appear on the surface of the ZnO film (Fig. 2h).

For the device with a 10 nm-thick AEL, the excellent protec-
tion capabilities of the AEL provide a stable working period of
up to 42 h, as shown in Fig. 2i, and even after 30 h degradation
(State 2-1), the surface morphologies of the W film and ZnO
film retain clear cell-unit like shapes (Fig. 2k), while the S21
curves remain almost unchanged (Fig. 2b). After 43 h degra-
dation, the normalized Q factor begins to drop quickly, which
indicates that the AEL has been destroyed completely by the
PBS solution, and a similar degradation process to that occur-
ring for the device without an AEL is taking place; the device is
then dissolved quickly (Fig. 2l, State 2-2 at 44 h).

The results clearly indicate that the ultra-thin AEL has little
effect on the performance of the FB-SAW devices, but it has
excellent protection properties; therefore, we can conclude that
ultra-thin alumina film can be used as an excellent encapsula-
tion layer for the design and control of fully biodegradable
electronic devices and systems with pre-defined operation
lifetimes.

The degradation kinetics of every individual active material
in the FB-SAW devices, and the interactions between the
different materials as a whole when dissolving in the same
solution system need to be clarified to understand the degra-
dation behaviors and mechanism of the FB-SAW devices. In
this work, PBS solution was used to dissolve the W and ZnO
films, and the thicknesses of the W film and ZnO film were
measured using a profilometer every 12 h, with the results

shown in Fig. 3a. W film normally dissolves in PBS solution
through a hydrolysis process with an oxide byproduct, and the
degradation kinetics of W material can be described by33

W þ 4H2O (+ WO4
2� þ 8Hþ þ 6e� ð2Þ

The hydrolysis products, WO4
2− and H+, will diffuse into

the PBS solution in the form of ions. The thickness of the W
film in PBS solution decreases linearly with time, with a dis-
solution rate of 98 nm day−1, similar to the value of 90 nm
day−1 reported for W thin film in a PBS solution at 37 °C.1 The
dissolution rate of W may be influenced by the chemical com-
position, ionic concentration, pH level, temperature of the
solution, preparation methods used, and condition of the thin
film.34 For instance, dissolution rates of 500 nm day−1 and
150 nm day−1 were found for 50 μm-thick W foil in PBS solu-
tion3 and W thin film in Hank’s solution (pH = 7.4) at 37 °C,35

respectively. Nevertheless, our results are close to those
obtained under similar conditions, indicating repeatable and
reliable results.

PBS solutions and cell culture media contain an amount of
phosphate ions, and it is well known that ZnO will react with
phosphoric acid slowly, resulting in several types of zinc phos-
phate byproducts, such as Zn3(PO4)2·4H2O and
Zn3(PO4)2·2H2O.

24 Fig. 3b shows the XRD patterns of ZnO film
deposited on a glass substrate before degradation and after
degradation for one day; both curves have a dominant peak at
34.4°, corresponding to the c-axis crystal orientation of the
ZnO film. However, the peak intensity of the ZnO film after
one day of degradation decreases by about half, indicating the
degradation of the surface of the ZnO film. A new peak at
31.8° appears in the XRD pattern after one day of degradation,

Fig. 3 (a) The dissolution kinetics of degradable films (W: ∼400 nm,
ZnO: ∼4 μm) measured every 12 h in PBS solution at 37 °C. (b) XRD pat-
terns of ZnO film deposited on a glass substrate before degradation and
after degradation for one day; the inset image shows a detailed view of
the Zn3(PO4)2 peak. (c–j) Time sequential optical photographs of a
peeled-off, unencapsulated FB-SAW device degrading in PBS solution at
37 °C from day 0 to day 28.
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which corresponds to the (131) crystal orientation of
Zn3(PO4)2·2H2O, implying that the dominant byproduct of ZnO
film in PBS solution is Zn3(PO4)2·2H2O. Fig. 3a shows the
dependence of ZnO thickness on dissolution time, with a
linear relationship, and the dissolution rate is calculated to be
about 143 nm day−1.

To understand the interactions between different materials
in the FB-SAW devices when dissolving in the same solution
system, we placed a peeled-off unencapsulated FB-SAW device
in PBS solution and recorded the morphological changes via
optical photography, sequentially. The initial state (Day 0) is
shown in Fig. 3c, where the black patterns represent W IDTs,
and the yellowish region represents the ZnO thin film, with
the PLGA film under the ZnO film. The size of the entire
device is about 10 × 8 mm2 and the thickness of the PLGA
film is about 25 μm. At the beginning of degradation (<5 days),
the PLGA film is transparent, as shown in Fig. 3e and f.
After about 5 days, the PLGA film gradually becomes
translucent, until complete degradation occurs. When the
PLGA film becomes translucent, it degrades faster (Fig. 3g–
j).36,37

The W electrode (about 240 nm) dissolves completely on
the 5th day, which is longer than the time (about 2.4 days) pre-
dicted from Fig. 3a. On the contrary, ZnO film (about 4 μm)
dissolves completely on the 15th day, which is shorter than the
predicted time (about 28 days) from Fig. 3a. The degradation
rates of the W film and ZnO film alone and in co-existence in a
device in PBS solution are very different. These results are
attributed to mutual effects between different degradation
mechanisms and by-products when the whole device degrades
in the same solution system. When the PLGA film degrades in
PBS solution, it produces lactic acid and the solution becomes
more acidic.36,38 This weakly acidic solution inhibits the degra-
dation of W film, as shown in Eqn (2), but it promotes the
degradation of ZnO film at the same time by providing H+.
Therefore, the degradation kinetics of the ZnO film can be
described as:

ZnOþ 2Hþ Ð Zn2þ þH2O ð3Þ

Finally, there are several possible mechanisms for the
alumina layer to lose its protective functionality in PBS
solution:39,40 (1) edge-induced interfacial delamination; (2)
spontaneous film delamination; (3) permeability or pinhole-
induced interfacial delamination; and (4) etching by or dis-
solution in solution. Interfacial delamination will result in
rapid failure and has thickness-independent characteristics;
this does not agree with the experimental observations.
Moreover, the permeability of alumina film is low,39 and no
evidence from the degradation experiments shows the exist-
ence of pinholes in the alumina film (in Fig. 2k, if there
were pinholes, speckle-like corrosion on the surface of the
ZnO film would appear). Thus, the alumina film is deter-
mined to be etched by the PBS solution slowly and uni-
formly at a very slow rate of about 2.4 nm day−1, extracted
from Fig. 2d, which indicates that the dominant degradation

process is a hydrolysis process involving hydroxide, as
follows:

Al2O3 þ 3H2O Ð 2AlðOHÞ3 ð4Þ
The hydroxide byproduct ions will eventually dissolve into

solution in the form of Al3+ through an acid dissociation
process.

The biocompatibility of an implantable device is deter-
mined by the severity of reactions in the recipient, and the
cytotoxicity of a device is a critical issue when deciding
whether a device and the materials included are suitable for
implantation or not. In vitro cytotoxicity testing is a standard
test that provides information on the interactions between
cells and the surface of the device/material implanted, and it
is often used as an initial evaluation of biocompatibility.41–43

Here, the viability of human normal hepatic cells cultured in
an in vitro environment was used to evaluate our AEL-encapsu-
lated SAW devices as potential biodegradable electronic
devices (see the experimental setup details in the
Experimental section). Fig. 4a shows an optical microscopy
image comparison of cell proliferation on a control sample
(blank control) and on an SAW device with a 10 nm-thick AEL
after 0, 24 and 48 h; no significant differences between the dis-
tribution and number of cells on the control sample and SAW
device are observed. Fig. 4b is a comparison of the optical
density (OD) values at 450 nm from the control group and
treatment group, detected via cell counting kit 8 (CCK-8)
assays, and no significant differences are observed between
the OD values. The results from the SAW device with an AEL
indicate that human hepatic cells could adhere and proliferate
on the surface and edges of the device as normal, which
implies that all the materials in the FB-SAW devices and the

Fig. 4 (a) The cell proliferation of the control group and SAW group
recorded via optical microscopy. (b) The results of the in vitro cyto-
toxicity testing of the control group and SAW group, detected via CCK-8
assays at 450 nm. The SAW device had a 10 nm-thick AEL on the
surface.
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byproducts of degradation during cell culturing are indeed bio-
compatible and biosafe, and do not have toxic effects on cells.
The in vitro cytotoxicity testing gives affirmative results that the
AEL-encapsulated FB-SAW devices fabricated in this work are
biocompatible, and the proposed ALD-grown AELs could be
part of a universal strategy to design biodegradable electronic
devices and systems with pre-defined stable lifetimes.

3. Experimental section
3.1. PLGA and PVA film preparation

PLGA particles (∼170 000 Mw, PLLA : PLA = 75 : 25) were first
dissolved in 1,4-dioxane (C4H8O2) at a ratio of 20 wt%; the
mixture was then stirred for 12 h at room temperature using a
magnetic mixer to prepare the PLGA solution. Then, the PLGA
solution was spin-coated onto a rigid glass support substrate
at 2000 rpm for 60 s. To obtain thicker films, multiple spin
coating cycles were adopted, and each layer (∼8 μm) underwent
baking at 60 °C for 120 s before the next spin-coating cycle.
The final PLGA layer (40–50 μm) was then baked at 60 °C for
24 h to vaporize the solvent sufficiently.

PLGA and PVA were used as organic encapsulation layers for
performance comparison with the alumina encapsulation layer
(AEL). For this purpose, the same PLGA solution prepared
above was spin-coated at 5000 rpm for 60 s (∼1 μm). For PVA
encapsulation, PVA particles were dissolved in deionized water
(10 wt%) and stirred for 4 h until complete dissolution was
achieved, and then they were spin-coated at 4000 rpm for 60 s
(∼0.2 μm). Finally, the devices encapsulated with PLGA or PVA
were baked at 60 °C for 24 h to vaporize the solvent sufficiently.

3.2. ZnO film and W film deposition

ZnO film was deposited via direct current (DC) magnetron
sputtering on the PLGA substrate, and the final thickness was
about 3.8 ± 0.2 μm. A photolithography process was used to
prepare the interdigital transducer (IDT) patterns, and then W
thin film with a thickness of ∼200 nm was deposited via DC
magnetron sputtering. The samples were then immersed in
acetone to remove unwanted metal and cleaned with solvents
and water completely.

3.3. Alumina film preparation

Alumina film was grown via atomic layer deposition (ALD),
using trimethylaluminum and H2O as the aluminum source
and oxygen source, respectively. The growing temperature was
fixed at ∼200 °C, and the chamber pressure was about 2 Torr.
Different thicknesses (5, 10, 15 and 20 nm) of alumina film
were obtained via controlling the number of deposition cycles.

When fabrication was completed, the device wafer was
peeled off from the support substrate mechanically, as shown
in Fig. 1b. Since PLGA is soluble in water, by controlling the
humidity of the environment, a detachable interface between
the PLGA film and support substrate can be obtained, which
enables the efficient peeling of the device wafer from the
support substrate.

3.4. Degradation experiment set-ups and in vitro cytotoxicity
testing

All degradation experiments were conducted in PBS solutions
(10 mM, pH = 7.4) at 37 °C to mimic physiological conditions.
The in vitro cytotoxicity tests were performed in culture solu-
tion, using human normal hepatic cells, which were purchased
from Wuhan Cell Bank, Chinese Academy of Sciences. Roswell
Park Memorial Institute (RPMI)-1640 culture solution and fetal
bovine serum (FBS) were purchased from Gibco, Thermo
Fisher Scientific, Inc. Cell proliferation was detected via cell
counting kit 8 (CCK-8) assays. Cells were inoculated in
RPMI-1640 medium containing 10% FBS and cultured in a
96-well plate (1 × 103 per well) in an incubator with 5% CO2 at
37 °C. Cells in the logarithmic growth phase were taken, fol-
lowed by CCK-8 assaying after 0, 24, and 48 h. CCK-8 solution
(100 µl) diluted with RPMI-1640 medium was added into each
well, followed by incubation in a dark place at 37 °C for 2 h.
Then, the optical density (OD) was read at 450 nm using a
microplate reader (Bio-Rad Laboratories, Inc.). For treatment
groups, cells were cultured with alumina encapsulated FB-SAW
devices in the solution. For the control group, there was no
device in the solution. Three repeat wells were set up for each
group.

4. Conclusions

In conclusion, we proposed and investigated ALD-deposited
ultra-thin alumina film as a biodegradable encapsulation layer
for fully biodegradable electronic devices, particularly for
those devices that are extremely sensitive to surface conditions,
such as sensors and SAW devices. Fully biodegradable SAW
devices with superior performance were successfully fabricated
on PLGA polymer substrates with sputtering deposited ZnO as
the piezoelectric layer and W IDTs. Experiments showed that
the common approach involving a thick organic encapsulation
layer (such as PLGA or PVA) would result in the failure of the
FB-SAW devices, due to the complete absorption of the acous-
tic energy and heavy mass loading as a result of the encapsula-
tion layer. On the contrary, an ultra-thin AEL of nanometer
thickness did not deteriorate the SAW device performance at
all; however, it had some positive effects on the device pro-
perties owing to the annealing effect during ALD deposition
and the hydrophobic nature of the AEL layer. When the
devices were subjected to degradation in PBS solution, the
control SAW device without an AEL started to degrade immedi-
ately, the Q factor dropped rapidly, and the device failed to
function after 8 h. The degradation of the performance of SAW
devices was determined by the dissolution of the W and ZnO
films and the deposition of degradation byproducts on the
surface; both of these steps weaken the piezoelectric effect and
eventually lead to device failure. The coating of an ultra-thin
ALD-alumina encapsulation layer on the surfaces of the SAW
devices successfully prevented the devices from being
degraded in water and allowed the SAW devices to perform
normally before the AEL was dissolved. The stable operation
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lifetime of an AEL encapsulated FB-SAW device was found to
be linearly dependent on the thickness of the AEL, with a rate
of ∼30 h/10 nm; this allows for the precise control of the oper-
ation lifetime down to the hours scale for biodegradable elec-
tronic devices, through controlling the thickness of the AEL.
Degradation experiments, analysis of the entire device, and
in vitro cytotoxicity testing confirmed the biocompatibility of
the AEL encapsulated FB-SAW devices. All the results demon-
strate that ALD-deposited alumina thin film is an excellent bio-
degradable encapsulation layer, with promising performance
for biodegradable surface sensitive devices.
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