Polymer-based encapsulation materials with optimized diffusion barrier properties for flexible hermetic medical electronics.
Maaike Op de Beecka,b, David Schaubroecka,b, Maarten Cauwea,b
a Imec, Kapeldreef 75, 3001 Leuven, Belgium

b CMST (imec / UGent), Technologiepark 914A, 9052 Zwijnaarde, Belgium

For medical electronics, miniaturization and flexibility of the device offers important advantages. Wearable devices will exhibit optimized user comfort. For implanted electronics, advantages such as the reduction of the body reaction upon implantation are obtained [1]. Various polymer materials are used for encapsulation of interconnects, such as polyimide, parylene, silicone and polyurethane. To avoid the need for perfect hermeticity, noble metals such as gold or platinum can be used as interconnect. But if the whole electronic device needs to be packaged hermetic, while the use of a bulky and rigid titanium box is not desirable, then polymers are also an interesting alternative for the total device package, on condition that the diffusion barrier properties of the polymers are optimized. 
In this paper, we study the hermeticity of various polymers which are interesting encapsulation materials, but since their hermeticity is limited, they are ideally combined with thin inorganic materials deposited by atomic layer deposition (ALD). These inorganic materials have very good barrier properties but they are brittle, hence their thickness should stay in the nm range, to ensure flexibility of the total stack. In this work, the combination of Al2O3 ALD with polyimide films will be discussed.

Polyimide is used often as carrier or encapsulation material, due to interesting mechanical and chemical properties. Various types of polyimide exist, they exhibit very different moisture barrier properties, as shown in Fig. 1. Not just the film thickness difference but mainly their intrinsic material properties are responsible for the large WVTR difference. 

Parylene-C is a well-known moisture barrier material, used to cover PCB’s and electronic systems to protect them for corrosion. For direct device encapsulation, thin parylene-films are interesting, although a min. thickness of 2-3um is advisable to avoid pinholes. Since the material does not exhibit sufficient mechanical properties to support an electronic device in its own, parylene needs to be deposited on a stronger film, such as a polyimide film carrying the electronics. Fig 2 shows WVTR of the Upilex foil and PI2611 covered with 5um thick parylene. The obtained improvement is clearly also related to the underlying material. Remark that a PI2611film covered with an extra 5.5um PI2611 layer results in a better WVTR. Nevertheless it might still be interesting to use parylene-C on PI2611 as part of a device encapsulation stack, due to its excellent step coverage and lubrication properties. 
For long term medical implants, device hermeticity needs to be guaranteed for the total duration of the device usage, hence real time testing is too slow. Accelerated testing at elevated temperatures is essential, but the test conditions have to be selected carefully, since the polymer structure might change at elevated temperatures, resulting in unreliable tests. Fig. 3 shows an example of an accelerated test: WVTR as function of temperature for PI2611 without and with parylene-C.

For long-term hermeticity, WVTR needs to be < 5 mg/m2.day. Such results are not obtainable with polymers only, but in combination with ALD layers, and especially when stacks of polymer/ALD are used, very low water permeation is obtained. Fig. 4 shows measurements of polyimide covered with Al2O3 ALD deposited at 300ºC. Using an ultrathin 18nm Al2O3 layer on top of 11um PI2611, a WVTR of only 4 mg/m2.day is obtained. Such Al2O3 ALD layers are indeed extremely efficient in stopping moisture diffusion, but they have an important drawback: when exposed to moisture, Al2O3 suffers from hydrolysis, resulting in a complete loss of the barrier properties. WVTR tests of Al2O3 films on PI2611 are performed after soaking the stack in PBS (Poly buffered saline) for 12 days. The WVTRs are almost equal to those of a PI2611 film without Al2O3. Hence the Al2O3 film itself needs to be protected to avoid direct contact with humidity, which can be performed by an extra PI2611 coating on top of the Al2O3. This approach was very successful as shown in Fig. 4: soaking of a highly flexible stack of PI+Al2O3+PI for a period of ~80days at 37ºC resulted in a WVTR as low as ~8 mg/m2.day.

It can be concluded that optimized stacks of selected polymers and Al2O3 ALD layers are very good moisture barriers for encapsulation of devices for long term use.
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Fig. 1 : water vapour transmission rate (WVTR) measured for 3 types of polyimide (PI): PI2611 
(11 and 16.5um thick), HD PI4110 (20um) and Upilex PI foil (25um). PI2611 is popular for implantable devices due to its biocompatibility, HD4110 has interesting processing characteristics since it is photopatternable, Upilex is available as a foil and can be used for lamination. HD PI4110 and Upilex foil are suitable for wearable devices but not for implants. Huge differences in WVTR exist: HD4110 is a weak barrier, while 16.5um PI2611 is ~50 times better and 25um Upilex is ~100 times better.
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	Fig. 2: very different WVTR improvements for Parylene-C on top of Upilex PI foil and of PI2611. A 16.5um thick PI2611 layer performs better wrt. WVTR than PI2611 + Parylene-c (right).
	 Fig. 3: Accelerated hermeticity testing by
  evaluating barrier properties at elevated 
   temperature. The WVTR is changing with
    temperature following the Arrhenius relation.
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 Fig. 4: WVTR of stack of 11um PI2611 + Al2O3 ALD + 5.5umPI2611. The ultrathin ALD layers cause WVTRs which are 3 decades lower, but an additional protection of the ALD against direct exposure to humidity is essential to avoid hydrolysis. 
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