
  

Coatings 2019, 9, 579; doi:10.3390/coatings9090579 www.mdpi.com/journal/coatings 

Article 

Ultra-Long-Term Reliable Encapsulation Using an 
Atomic Layer Deposited HfO2/Al2O3/HfO2  
Triple-Interlayer for Biomedical Implants 
Changzheng Li 1, Maarten Cauwe 1,*, Yang Yang 1,2, David Schaubroeck 1, Lothar Mader 1  
and Maaike Op de Beeck 1,* 

1 Centre for Microsystems Technology (CMST), imec and Ghent University, Technologiepark 126,  
9052 Gent, Belgium 

2 Pacific Northwest National Laboratory, Richland, WA 99352, USA 
* Correspondence: Maarten.Cauwe@imec.be (M.C.); Maaike.OpdeBeeck@imec.be (M.O.d.B.);  

Tel.: +32-9264-6601 (M.C.); +32-9264-5364 (M.O.d.B.) 

Received: 19 August 2019; Accepted: 10 September 2019; Published: 12 September 2019 

Abstract: Long-term packaging of miniaturized, flexible implantable medical devices is essential for 
the next generation of medical devices. Polymer materials that are biocompatible and flexible have 
attracted extensive interest for the packaging of implantable medical devices, however realizing 
these devices with long-term hermeticity up to several years remains a great challenge. Here, 
polyimide (PI) based hermetic encapsulation was greatly improved by atomic layer deposition 
(ALD) of a nanoscale-thin, biocompatible sandwich stack of HfO2/Al2O3/HfO2 (ALD-3) between two 
polyimide layers. A thin copper film covered with a PI/ALD-3/PI barrier maintained excellent 
electrochemical performance over 1028 days (2.8 years) during acceleration tests at 60 °C in 
phosphate buffered saline solution (PBS). This stability is equivalent to approximately 14 years at 
37 °C. The coatings were monitored in situ through electrochemical impedance spectroscopy (EIS), 
were inspected by microscope, and were further analyzed using equivalent circuit modeling. The 
failure mode of ALD Al2O3, ALD-3, and PI soaking in PBS is discussed. Encapsulation using 
ultrathin ALD-3 combined with PI for the packaging of implantable medical devices is robust at the 
acceleration temperature condition for more than 2.8 years, showing that it has great potential as 
reliable packaging for long-term implantable devices. 
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1. Introduction 

An implantable medical device that is capable of continuous disease diagnosis and even 
treatment represents a class of an emerging research area thanks to the recent advances in soft and 
flexible/stretchable electronics [1–6]. Today, the vast majority of implanted electronic devices (e.g. 
pacemakers, cochlear implants) use hard biocompatible materials such as glass, ceramics, metal, or 
metal alloys to encapsulate and protect the internal electronic components, chips, and/or power 
sources [3]. However, the need for flexible, softer, and miniaturized devices has increased due to 
several additional requirements from a (bio)medical point of view: (1) a close match between the 
mechanical properties of the implant and the targeted soft tissue or organ; (2) the creation of small 
electrodes that are directly accessible to the targeted body environment for stimulation, recording, 
and analyses of biomolecules; (3) small devices for minimal invasive implantation, scar tissue 
formation, and foreign body reaction (FBR). 
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These conditions point toward the direction of polymer materials. Polydimethylsiloxane 
(PDMS), PI, and parylene(s) are being explored by a large amount of researchers for these purposes 
[7–10]. Despite the biocompatibility and good mechanical properties, one major disadvantage of 
these polymers for encapsulation is their low hermeticity towards moisture and water [11,12]. This is 
generally expressed as water vapor transmission rates (WVTR) in the order of 1–100 g·m−2·day−1 [13]. 
For long term implants (>1 month), this can lead to failure of the device and leaching of toxic 
(corrosion) products from the implant to the body environment. 

Over the last decade, considerable effort has been devoted to the use of atomic layer deposition 
(ALD) oxide layers to achieve hermetic encapsulation with long-term reliability and ultra-thinness (5 
to a few hundred nm) for applications such as organic light-emitting diode (OLED) encapsulation 
[14,15], corrosion protection of metals [16,17], and barrier layer development for (electronic) implants 
[18,19]. 

In general, ALD layers have three important properties that make them ideal to serve as a barrier 
layer: they are nearly pin-hole free, are highly conformal, and a limited thickness (5–100 nm) is 
required [20,21]. Deposition of ALD layers on polymers is also possible. However, the deposition 
temperature of the ALD process must be decreased to avoid thermal decomposition of the polymers. 

The most extensive research is performed on Al2O3 layers thanks to its low moisture 
permeability as well as its excellent thermal and mechanical properties [13,22–24]. For example, 
single-layered 20 nm ALD Al2O3 possesses superior WVTR in the order of 10−3 g·m−2·day−1 in a few 
days [25]. However, Al2O3 easily dissolves through hydrolysis when directly exposed to aqueous 
solutions [17,25–28]. Researchers show that the Al2O3 is a good moisture barrier for up to 24 h at room 
temperature, however this layer later deteriorates as it starts to dissolve in solutions [25,27]. Therefore, 
other ALD oxides like TiO2 [17,22], SiO2 [6,29], and HfO2 [25,30] have been investigated as an 
alternative layer or capping layer of Al2O3 to increase the stability and barrier properties in a liquid 
water environment. In the latter case, Al2O3 is still very useful as a moisture and ion barrier for the 
total stack. 

In this contribution, we use HfO2 as a capping layer on both sides of the Al2O3 layer (ALD-3) to 
largely improve the stability towards a liquid water environment. HfO2 is chemically inert and 
insoluble in aqueous solutions [22,28,31]. However, the WVTR of single-layered 20 nm ALD HfO2 is 
worse than the Al2O3, in the order of magnitude 10−1 g·m−2·day−1 [25]. Hence, the presence of Al2O3 is 
still necessary. Therefore, capping the HfO2 and Al2O3 as a hermetic and stable barrier to stop 
moisture is adopted in this research. 

BPDA-PPD polyimide (hereinafter referred to as PI) has been used as a substrate for flexible 
electronics and implantable medical devices for a long time [32–36]. The biocompatibility of 
polyimide has been proved in many in vitro and in vivo researches [34,37,38]. 

In this work, we investigate the properties of a biomedical encapsulation material stack with 
long-term stability based on a polyimide moisture barrier and a thin, sandwich inter-layer of 
HfO2/Al2O3/HfO2 (ALD-3). We compare it with individual or separate parts of the stack: Al2O3, ALD-
3, and PI. The tri-layered ALD-3 extends the lifetime of Al2O3 from 2 to 62 days in an accelerated test 
in PBS solution at 60 °C. Our PI/ALD-3/PI encapsulation exhibits an impressive lifetime over 1028 
days at 60 °C in PBS (equivalent to over 5140 days at 37 °C). This is by far the longest lifetime of an 
ultrathin biomedical encapsulation material to the best of our knowledge. 

2. Materials and Methods 

2.1. Sample Preparation 

A thin copper film (1 μm) was deposited on cleaned glass substrates with a plasma magnetron 
sputter instrument (SCM600, Alcatel, France) using titanium tungsten (TiW) as an adhesion layer (50 
nm). The copper film was used as the underlying material for evaluating the performance of the 
tested barriers since copper is known to be highly vulnerable to corrosion fluid such as PBS. 
Photolithography and wet etching was used to pattern the copper in a rectangular shape (1 cm × 2 
cm). 
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A layer of 5 μm PI (HD2611, HD microsystems) was spin-coated with 3000 rpm for 30 s on a 
glass substrate with the copper test pattern after pre-treatment with adhesion promotor VM652. A 
reactive ion etching treatment (O2 and CHF3, 150 W) was performed on the PI surface to roughen the 
surface and to form functional groups, which improved the adhesion toward HfO2. Subsequently, a 
sandwich layer of 8 nm HfO2, 20 nm Al2O3 and again 8 nm HfO2 was deposited in a single deposition 
by thermal ALD at 250 °C using a Savannah instrument from Ultratech (Waltham, MA, USA). To 
promote the adhesion of the second PI layer on the surface of HfO2, 3-animopropyltriethoxysilane 
(APTES) treatment was applied. A more detailed barrier deposition and adhesion promotor 
treatment process have been previously reported [32]. The build-up of the four tested barriers is 
shown in Figure 1a–d and a cross-section of the PI/ALD-3/PI inspected by FIB-SEM (FEI Nova 600, 
Hillsborough, OR, USA) is shown in Figure 1e. 

 
Figure 1. Schematic illustration of the four tested barriers-Al2O3 (a), ALD-3 (b), PI (c) and PI/ALD-
3/PI (d), and the cross-section of PI/ALD-3/PI obtained by FIB-SEM (e). 

2.2. Experimental Setup 

Soaking tests were performed at 60 °C in a digitally controlled oven (Horo Ovens, Ostfildern, 
Germany) to accelerate the degradation of the coating barriers. Temperature variations from sample 
to sample were minimized to ±0.5 °C by placing all the test samples on the same shelf inside the oven. 
Electrochemical impedance spectroscopy (EIS) has been widely employed to evaluate the 
performance of thin film layers [39,40]. Here, the EIS measurement was performed to investigate the 
degradation of barriers by monitoring the corrosion behavior of the copper. The EIS measurement 
was performed by a potentiostat (Bio-Logic VSP, Seyssinet, France) and data were recorded by EC-
Lab software (version 10.32). The measurement was carried out using a three-electrode configuration 
with a platinum mesh as the counter electrode (CE), Ag/AgCl (NaCl saturated) as the reference 
electrode (RE), and copper as the working electrode (WE). All the EIS tests were carried out at room 
temperature. For a copper sample with perfectly insulating coating, it is difficult to obtain a stable 
value of the open-circuit potential (OCP) [39]. Therefore, the OCP was determined on bare Cu 
samples and was used as a reference for the EIS. The EIS measurements were performed at the OCP 
in a single sine curve of 50 mV with a frequency ranging from 0.3 Hz to 300 kHz with 10 data points 
in each decade. 

The EIS test was employed to monitor the degradation process of the layers soaking in PBS and 
to determine the long-term moisture barrier property of the ALD Al2O3, ALD-3, PI, and PI/ALD-3/PI 
thin films. The EIS test schematic is shown in Figure 2. The counter electrode and the reference 
electrode were immersed in PBS. The working electrode was connected to the copper. To quantify 
the copper corrosion of the samples soaking in PBS with EIS, an appropriate equivalent circuit is 
necessary. 
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During the test period, a low current module was installed for the potentiostat, which extended 
the current resolution from 760 pA down to 76 fA. A comparison of the measurements curve with 
and without the low current module is shown in Figure S1. 

A backside light optical microscope (Zeiss Stemi 2000C, Oberkochen, Germany) observation was 
applied to monitor the corrosion holes produced in the copper during exposure to the PBS solution. 
The observation zone (1 cm × 2 cm) for each sample was monitored ex-situ after removal of the PBS 
solution. A light source with 3000 cd was connected to a light distributor as a backside light source 
for the observation. 

 
Figure 2. Schematic diagram of the electrochemical impedance spectroscopy (EIS) test setup. WE: 
working electrode, RE: reference electrode (Ag/AgCl), CE: counter electrode (Pt mesh). 

3. Results and Discussion 

3.1. EIS 

The initial impedance and the phase of each sample were measured at room temperature. The 
impedance and the phase changes in the low-frequency region are dominated by the properties of 
the barrier, e.g., the capacitance and the resistance of the barrier, and the polarization resistances 
[39,41]. Hence, the data points at 1 Hz were selected as reference values. We define the lifetime of a 
barrier as the soaking time at 50% loss of impedance (at 1 Hz) compared to the initial impedance. 

Figure 3a shows the impedance and the corresponding measured phase angle of copper coated 
with 20 nm ALD Al2O3 soaked in PBS solution at 60 °C over a period of 4 days. The initial impedance 
curve shows a straight line with a negative slope and a phase angle of −90° at low-frequency region, 
exhibiting a pure capacitive behavior. Taking the value at 1 Hz, the impedance decreased two orders 
of magnitude during the 4 day soaking period. Meanwhile, the phase angle shifted from −90° to −30°. 
The significant changes of the impedance and the phase indicate that the barrier property of the Al2O3 
layer decreased drastically after 4 days. To prevent the Al2O3 from hydrolyzing, HfO2/Al2O3/HfO2 
(ALD-3) was applied as an optimized moisture barrier. The impedance of ALD-3 at a low-frequency 
region decreased from about 105 to 104 ohms (1 Hz) after 147 days of soaking (Figure 3b). The 
corresponding phase angle at 1 Hz increased from −90° to −47° (Figure 3b). 

In a previous paper, we showed that a 16 μm PI (HD2611) has a high WVTR of 4.3 g·m-2·day-1 
while ALD-3 coated on the same thickness polyimide resulted in a significant improvement of WVTR 
to less than 5 × 10−4 g·m−2·day−1 [4]. The initial EIS measurement of the PI layer showed that it had 
good barrier properties at the beginning of soaking, as shown in the curve D0 in Figure 3c. The 
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capacitance of the PI coating increased as it absorbed moisture since water has a higher dielectric 
constant (εr = 78) [42] than PI (εr = 2.9) [43], resulting in a slightly decreased impedance. At the final 
degradation stage, the impedance at the low-frequency region dropped to the order of 105 ohms. 
Meanwhile, the phase angle increased from −90° close to −10° (Figure 3c), causing the samples to fail. 
On the other hand, the PI/ALD-3/PI barrier was robust for 1028 days, and no failure signal can be 
detected (Figure 3d). 

 
Figure 3. Impedance spectra and phase angle in the frequency domain (Bode plots) of the four tested 
barriers: Al2O3 (a), ALD-3 (b), PI (c), and PI/ALD-3/PI (d). (e) Evolution of the impedance and (f) phase 
angle at 1 Hz of the barriers over a period of 1000 days. “Dx” means the day of the measurement done 
in the plots after x days. 

Figure 3e shows the relative impedance at 1 Hz compared to the initial impedance versus the 
soaking period for the four barrier layers. Figure 3f shows their phase angle shifted at 1 Hz during 
the soaking period. The Al2O3 exhibited the fastest degradation, consistent with the hydrolysis of the 
layer. The ALD-3 remained stable during the initial 29 days and then degraded gradually over time, 
indicating that the properties of the barrier changed and the copper plane started to be exposed to 
the PBS solution. The PI barrier properties degraded dramatically at the beginning of soaking and 
then stabilized to 0.5 (Z/Z0) until day 267, followed by a second deep decrease during the following 
two weeks. This indicates that the PI layer protected copper plane system had two different 
degradation stages. The results for the PI/ALD-3/PI film reveal that the impedance and the phase 
angle remain stable during exposure to PBS, indicating that the barrier was not affected by the 
soaking environment. 

Minnikanti et al., Woods et al., and Forssell et al. have put effort into evaluating the lifetime of 
barriers Al2O3/parylene C, LCP, and parylene C/TiO2/Al2O/TiO2 at an acceleration temperature (60 
°C) in PBS, respectively. These barriers performed well up to a few hundred days under similar 
acceleration conditions (Table 1) [12,44,45]. To the best of our knowledge, the soaking results reported 
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in this paper represent an excellent long-term encapsulation and PI/ALD-3/PI has great potential for 
the development of long-term implantable medical electronic devices. 

Table 1. Comparison of the reported soaking lifetime of encapsulation layers. 

Barriers Acceleration Soaking 
Temperature and Lifetime 

Equivalent Lifetime 
at 37 °C (Q10 = 2) 

Ref. 

52 nm Al2O3 + 6 μm Parylene C 60 °C in PBS, 215 days 3.0 years [12] 
25 μm LCP 60 °C in PBS, 221 days 3.1 years [44] 

10 μm Parylene C + 50 nm TiO2 + 80 nm Al2O3-TiO2 60 °C in PBS, 106 days 1.5 years [45] 
5 μm PI + 8 nm HfO2 + 20 nm Al2O3 +  

8 nm HfO2 + 5 μm PI 
60 °C in PBS, 1028 days >14.3 years This work 

3.2. Optical Microscope Observation 

As the barriers degraded during soaking in the PBS solution at 60 °C, corrosion holes started to 
appear in the copper. After that, their size quickly increased since copper is very sensitive towards 
corrosion in PBS medium. In Figure 4, microscope images at different time intervals are provided for 
the four tested barriers. All four tested barriers show no cavities in the copper at the beginning of the 
soaking test. Some small corrosion holes produced on Al2O3 protected copper are visible on day 3 
and all the holes increased in size and more holes appeared on the copper over time (Figure 4a). In 
the case of the ALD-3 layer, a small number of corrosion holes appeared and increased in size and 
the density of the corrosion holes increased gradually during the first 90 soaking days. After 90 days, 
the hole density stabilized. This suggests that the corrosion holes may be attributed to local defects 
of the barrier since particle contamination could not be avoided during sample preparation. Another 
possible reason is that there were a few areas without good nucleation of the ALD Al2O3 layer, which 
resulted in minor voids in the ALD Al2O3 layer, which was also reported by Zhang et al. and Klumbies 
et al. [24,46,47]. We calculated the density of the corrosion holes on the copper (Figure 5) protected 
by ALD Al2O3 and ALD-3. The density of the corrosion holes in Al2O3 coated copper increased from 
0 at the beginning to 148 per cm2 after four days. The density of the holes cannot be counted for day 
5 since too many holes are present. In contrast, the density of the corrosion holes on the copper 
protected by ALD-3 reached 40 per cm2 on day 90 and remained stable in the following soaking 
period. Only 2 corrosion holes appeared on the copper with 5 μm PI protection on day 281, and no 
extra holes were found in the later soaking period (Figure 4c). For the PI/ALD-3/PI coated copper, no 
corrosion holes were observed during the 1028 days of soaking (Figure 4d). 

To understand the failure mechanism of the barriers, the corrosion holes shown in Figure 4 were 
inspected using SEM. Figure 6 presents the SEM images of typical corrosion holes observed on the 
copper protected by ALD and PI coating. In general, the circular shape of the holes suggested that 
the corrosion started at the center of the circle. For the single ALD Al2O3 samples (Figure 6a), the 
Al2O3 is no longer present on top of the hole, suggesting that it dissolved in the PBS solution during 
soaking. In contrast, the barrier layer is still on the top of the hole in the ALD-3 samples (Figure 6b) 
and a small crack can be observed at the center of the corrosion hole. For the PI samples, corrosion 
first occurs near particles and defects in the coating. These may create a pathway for the PBS solution 
to the underlying copper, finally causing the copper corrosion (Figure 6c), while the PI/ALD-3/PI 
samples still work in perfect condition without any visible corrosion holes (Figure 6d). 
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Figure 4. Optical microscopic images of barrier-protected Cu soaked in PBS at 60 °C: (a) Al2O3; (b) 
ALD-3; (c) PI and (d) PI/ALD-3/PI. 

 

Figure 5. Density of the corrosion holes in the atomic layer deposition (ALD) barrier-protected copper 
changes with soaking time in PBS solution. 

 

Figure 6. SEM images of the corrosion holes in barriers protected copper: (a) Al2O3; (b) ALD-3, (c) PI, 
and (d) PI/ALD-3/PI. 
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3.3. Equivalent Circuit Modeling of the Measured EIS Curve 

A lumped-element circuit model (simplified Randles circuit) analysis was employed on the 
obtained EIS data to further interpret and analyze the effect of the barriers on the copper corrosion 
behavior in PBS [39,48,49]. The simplified Randles circuit model, consisting of an electrolyte 
resistance RPBS in series with a parallel combination of a barrier capacitance Cb or a constant phase 
element (Qb) and pore resistance Rpore, was used to fit the EIS measurement results (Figure 7a). A 
barrier capacitance Cb was applied to the simulation of PI degradation as the 5 μm PI coating layer 
behaved like a perfect capacitor. In contrast, a constant phase element Qb was employed to the model 
of ALD coating layer degradation as the pores in the ALD layers make the layers perform like an 
imperfect capacitor. 

The theoretical capacitance value of the four test cases was calculated based on the double layer 
capacitance equation, as shown in Equation (1). 𝐶 = ε ε 𝐴𝑑  (1) 

where C is the capacitance of barriers in farads; A is the area of the barrier layer under test in 
square meters; ε0 is the electric constant (ε0 ≈ 8.854 × 10−12 F⋅m−1); εr is the relative permittivity of the 
barriers; d is the thickness of the tested barriers in meters. 

The thickness of ALD Al2O3 is about 20 nm and the HfO2 is around 8 nm. Yota et al. characterized 
the dielectric constant of ALD Al2O3 and HfO2 as the insulator layer for GaAs HBT application, and 
the relative permittivity (εr) was 10.3 and 18.7 for the nanoscale thickness of ALD Al2O3 and HfO2, 
respectively [50]. The theoretical capacitances of the PI and PI/ALD-3/PI barriers have good 
consistency with the equivalent circuit modeling results, as shown in Table 2. The capacitance value 
(2.3 × 10−7 F/cm2, Table S1) obtained from the initial EIS measurements for the ALD Al2O3 coating 
layer is lower than the theoretical value (4.56 × 10−7 F/cm2, Table 3). A thin layer of copper oxide on 
the surface of the copper substrate may contribute to the drop of this value. The difference between 
the simulated capacitance value of the ALD-3 (2.1 × 10−7 F/cm2, Table S2) and the theoretical value 
(3.66 × 10−7 F/cm2, Table 3) could result from the same copper oxide layer and could be attributed to 
the variation in thickness of the ALD layers. 

The fitting parameters obtained from the 20 nm Al2O3 barrier using the equivalent model are 
shown in Figure 7b. The barrier’s capacitance, Qb, increases with soaking time as the barrier thickness 
decreases due to the Al2O3 dissolving into the PBS solution and producing numerous corrosion holes. 
The pore resistance of the coating layer, Rpore, decreases with time, indicating that the Al2O3 gradually 
loses its barrier property. The fitting results of the impedance and the phase angle are shown in Figure 
S(2a,b), respectively. The detailed fitting parameters are presented in Table S1. Fitting is consistent 
with the measured data until the fourth soaking day, while the equivalent model does not fit the data 
well in the later results since extremely severe corrosion occurred. 

Table 2. The area, relative permittivity, and thickness of the deposited layers. 

Materials A (m2) εr d (m) 
Al2O3 2 × 10−4 10.3 [50] 2.0 × 10−8 
HfO2 2 × 10−4 18.7 [50] 8.0 × 10−9 

PI 2 × 10−4 2.9 [43] 5.0 × 10−6 

Table 3. Capacitance value of the four tested moisture barriers based on the theoretical calculation. 

Barriers C (F/cm2) 
Al2O3 4.56 × 10−7 

ALD-3 3.66 × 10−7 
PI 5.14 × 10−10 

PI/ALD-3/PI 2.57 × 10−10 
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The capacitance of ALD-3 remained constant for the first 29 days of soaking and increased 
slightly as the corrosion holes grew. The paralleled pore resistance, Rpore, decreased (Figure 7c) as the 
corrosion holes grew. The equivalent circuit used to model the measurement results were valid for 
the whole period, as shown in Figure S(2c,d). More fitting details are illustrated in Table S2. The 
capping of Al2O3 with 8 nm HfO2 on both sides significantly prevented Al2O3 hydrolysis in the PBS 
solution. 

 
Figure 7. Fitting results of the equivalent circuit model parameters of the barriers: (a) An equivalent 
circuit model was used to analyze the EIS results. Changes of capacitance and pore resistance Rpore of 
the barriers exposed to PBS; (b) Al2O3, (c) ALD-3 and (d) PI/ALD-3/PI. 

Fitting results of the measured data of 5 μm PI with the same model are shown in Figure S3. The 
fitting results are not satisfactory even from the second measurement curve (day 23). A single PI layer 
has the tendency to absorb moisture when soaking in PBS. The moisture diffuses through pores in 
the PI and through the PI itself, reaching the interface of PI and the copper then condenses in cavities 
with increasing soaking time. Hence, the simple equivalent circuit model in Figure 7a was invalid for 
the PI coating layer during the degradation. Another series of physical and chemical correlated 
equivalent circuit models, i.e., an electrolyte resistance RPBS in series with parallel combination of the 
barriers capacitance Cb, and pore resistance in series with parallel combination of a double layer 
capacitor and charge transfer resistance Rct in series (with Warburg impedance), was employed 
(Figure 8a–c) for different degradation periods [48,51]. The value of pore resistance, Rpore, quickly 
decreased (Figure 8d) because moisture penetrated the coating layer after a short period of soaking. 
Initially, Rct was quite high but drastically dropped three orders of magnitude after 281 days. This 
indicates that the PI did not effectively protect the copper, and corrosion of the copper was 
accelerated from that moment (see Figure 8e). Moreover, large corrosion spots were observed by the 
backside light optical microscope (Figure 4c). The fitting lines obtained based on the three 
degradation stages (initial status—stage 1, moisture absorption—stage 2, and severe corrosion starts 
at the interface of the PI and the copper—stage 3) have excellent consistency with the measured data 
in the whole frequency spectra, as depicted in Figure S(4a,b). For the PI/ALD-3/PI barrier, fitting the 
measured EIS data with the simple equivalent circuit model (Figure 7a) shows no clear degradation 
signal (see Figure S(2e,f)). The pore resistance of Rpore stayed higher than 108 ohms during the whole 
soaking period (Figure 7d). The detailed fitting parameters for both PI and PI/ALD-3/PI coating layers 
can be found in Tables S3 and S4. 
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Figure 8. Equivalent circuit (EC) and fitting parameters for the PI barrier: (a) EC for the degradation 
process of stage 1, (b) of stage 2, and (c) of stage 3. (d) Capacitance and pore resistance Rpore of the 
barrier changes during exposure to PBS. (e) Changes of the double layer capacitance and charge 
transfer resistance Rct changes during the soaking. 

4. Conclusions 

Ultrathin films of Al2O3 and HfO2 were deposited on copper or PI using ALD and the 
performance of four tested moisture barriers was characterized using electrochemical measurements 
(EIS), an optical microscope, and SEM. The EIS results were analyzed by equivalent circuit modeling. 
PI performs as a good moisture barrier for a short period, however its long-term reliability for 
implants is not satisfactory. Adding a sandwiched ALD HfO2/Al2O3/HfO2 layer as a moisture barrier 
between PI to form a quintuple layer, i.e., PI/HfO2/Al2O3/HfO2/PI, can effectively prevent water 
penetration through the underneath PI layer. The PI/HfO2/Al2O3/HfO2/PI barrier performs 
functionally over 1028 days (~2.8 years) in PBS at 60 °C (equivalent to more than 14 years at 37 °C), 
representing its potential as long-term, reliable encapsulation for chronic implantable medical 
devices. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: EIS 
measurements comparison for PI/ALD-3/PI coating samples when the potentiostat was updated with a low 
current module: (a) bode plot of impedance spectra against frequency; (b) bode plot of phase against frequency. 
The current resolution extends from 760 pA down to 76 Fa, Figure S2: Fitting results in a bode plot for the barriers 
based on the equivalent circuit model in Figure 6a: (a-b) Al2O3; (c-d) ALD-3; (e-f) PI/ALD-3/PI, Figure S3: Fitting 
results for the PI barrier based on the equivalent circuit model in Figure 6a: (a) bode plot of impedance spectra 
against frequency; (b) bode plot of phase against frequency, Figure S4: Fitting results for the PI barrier based on 
the equivalent circuit model in Figure 7: (a) bode plot of impedance spectra against frequency; (b) bode plot of 
phase against frequency, Table S1: Fitted equivalent circuit model parameters of 20 nm ALD Al2O3 coating layer 
on copper, Table S2: Fitted equivalent circuit model parameters of ALD ALD-3 coating layer on copper, Table 
S3: Fitted equivalent circuit model parameters of the PI coating layer on copper, Table S4: Fitted equivalent 
circuit model parameters of the PI/ALD-3/PI coating layer on copper. 

Author Contributions: Experiments, C.L. and L.M.; Analysis, C.L., M.C. and Y.Y.; Writing—Original Draft 
Preparation, C.L.; Writing—Review and Editing, Y.Y., D.S., M.C. and M.O.d.B. 
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