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ABSTRACT protection for integrated circuitry and hybrid components.
Accelerated testing results for the glass-silicon package
This paper reports a small passive wireless humidity indicate a mean-time-to-failure of several decades in
monitoring system (HMS) for continuous monitoring of  saline at 37C [2]. Dew point sensors were incorporated
humidity changes inside miniature hermetic packages, into the package and used to compile this lifetime data.
presents its application in determining hermeticity of an Dew point sensors merely indicate when the package
implantable biomedical package, and presents long-term admits moisture into the sealed cavity, and does not
performance results obtained from packages implanted in provide any information about changes in relative
guinea pigs. This ¥1.2x1.5mn? system consists of a  humidity inside the package which would be useful in
high-sensitivity capacitive humidity sensor that forms an detecting the onset of failure. Also, the dew point sensors
LC tank circuit together with a hybrid coil wound around had to be physically probed, via the feedthroughs, and
a ferrite substrate. The resonant frequency of the circuit thus could not be used for testing in-vivo.
changes when the humidity sensor capacitance changes in
response to changes in humidity. The HMS can resolve An improved sensor for monitoring package hermeticity
humidity changes o£2.5%RH over a 2cm range. The should incorporate a high-sensitivity humidity sensor and
resolution is sufficient enough to monitor internal telemetric circuitry for wireless humidity monitoring.
package humidity for either in in-vitro or in-vivo testing. Active circuitry complicates the fabrication process;
therefore, a passive telemetric circuit is preferred.

INTRODUCTION DESIGN AND ANALYSIS

In the past few years, much attention has been focused onFigure 1 depicts a passive humidity monitoring system for
the development of miniature hermetic packages for use in this and other applications. This system consists of
protection of MEMS and integrated circuitry from harsh a miniature high-sensitivity capacitive humidity sensor [3]
external environments in many applications. To assess and a hybrid coil wound around a ferrite substrate
the suitability of a particular package for a specific forming an LC tank circuit. The resonant frequency of
application, different testing techniques have been the circuit is determined by the humidity sensor
developed to determine mean-time-to-failure by creating capacitance, which changes in response to humidity. To
an accelerated test condition. Although accelerated remotely monitor the resonant frequency shift, a circular
testing is very important and useful, many emerging loop antenna is used to stimulate the tank circuit.
applications require the package to be tested in its real
world environment, or be continuously monitored in-situ.
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developed for microsystems are small with a sealed cavity
of no more than a few mimin volume. Therefore,

miniature monitoring systems that can be used for long- ) . : = ——
term package testing in-situ are needed. Figure 1: Passive humidity monitoring system.
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A miniature implantable hermetic package with multiple ~ ThiS resonant frequency shift, also shown in Figure 1, is
feedthroughs using glass-silicon anodic bonding measured as a change_ in the Ioad |mpede_1nce refl_ectgd
technology has been developed for biomedical back to the antenna, as illustrated in the equivalent circuit
applications [1]. One specific application of this showr_1 in Figure 2 It will pe shown that the_ reflected
implantable package has been used for a neuromuscular'©ad impedance is a function of the humidity sensor
stimulator. The hermetic glass-silicon package provides capacitance. As this reflected load changes, the overall



impedance of the transmitter antenna changes, thus one

can extract the resonant frequency by monitoring the The mutual inductance, a ratio of flux linkage on the

impedance change of the transmitting antenna. HMS circuit due to the current in the external antenna, is
calculated as
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Figure 2: HMS equivalent circuit model. L, = k|—°[H] (Eq. 4)
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The equivalent circuit is used to model the HMS and aid . ) o )
in optimizing the sensor performance. The following Wherer. is the radius of the solenoid, is the solenoid
assumptions are made to simplify the inductive coupling !€ngth, and the dimensionless factaris a function of the

of the equivalent circuit model: 1) the antenna and HMS ratio l/r..  The following approximations are made to
coils are aligned coaxially; and 2) the HMS cross correlatt_e the HMS mducta_nce, with the finite soleno_ld
sectional area is much smaller than the external antenna. €XPression: the cross sectional area of the HMS 8ail,
These assumptions allow the following approximations to /M7, is equal to the cross sectional area of the solenoid,
be made: 1) the magnetic field of the external antenna will 7Tfo also the height of the HMS coli,= 1mm, is equal

be calculated only along the coaxial z-axis, thus the © t_he Iength of the solenoil, The_dlmensmnle_ss factor,
magnetic field is a functioB(z); and 2) the magnetic field k. is obtained [5] and thus the final expression for the
being coupled to the HMS will be assumed constant HMS inductancel., is

across the HMS cross section. Equation nomenclature is
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given in Table 1 L :0.4511 X [H] (Eq. 5)
Table 1: Circuit model equation nhomenclature.
Antenna: Humidity sensing system: The impedance of the HMS is
L, inductance HS capacitance
r, radius series resistance

N, number of turns
R, series resistance
M, core permeability

. 1
coil inductance ZHMS(w): R+ j Eﬂ L__C% (Eq. 6)
number of turns w

cross sectional area
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core permeability The impedance seen at the external antenna is given by
Coupling: coil height
M mutual inductance empirical constan ) WM 2
] Zw=R,+jwl, + (Eq. 7)

HMS

Using Biot-Savart's law for a circular loop with radiys
number of winding,, carrying current,, the calculated
magnetic flux density through external antenna along the
z-axis is at a distance z given by:

From Egs. 6 & 7, at the resonance frequency of the HMS
circuit the impedance of the external antenna is
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Z(w,) =R, + j Ly, + "’“F“:' (Eq. 8)
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For maximum reflected impedance the last term of Eq. 8
is maximized and the imaginary part is minimized. This
The antenna inductance is is accomplished by increasing, L, N, and S and
decreasingr,, zc and N,. Figure 3 showsZ(«)O and
U TNzr, 0Z(w) for decreasing separation distance, z = 1, 0.5 and
L. :T[H] (Ea. 2) Ocm, as seen in the increase in phase dip. Note that



increasingy, K, N, andS and decreasing,, z, and N, Figure 4: SEM of a fabricated HMS.
produces the same effect. Also, note that decred®ing For high sensitivity, a polyimide humidity sensor
will increase theQ of the resonant circuit as well as  (1x1x.5mn?) [3], whose capacitance varies from 180-
increase the reflected impedance and thus increase the240pF for 20-80%RH change, is used. This sensor is wire
phase dip. bonded to a hybrid copper wire coil forming an LC tank
circuit. The coil is constructed by windindg5 turns of
1 y | 44awg copper wire around a NiFe ferrite core. The entire
| structure is assembled using PI2611 polyimide as an
| . - ' epoxy. The impedance of the external stimulating loop
s [ antenna, (24awg tin wire, 4-8 turrigl.5-2cm diameter),
is measured with high resolution using an HP4194A
al [ Impedance/Gain-Phase Analyzer. Experimental values
7 for R, L, R, L and C are listed in Table 2.
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F.mtu.lm";n;v [IlHi] Table 2: Experimental values
0 R, - 200nQ
= e L, — 400nH
R - 15-20Q
= L - 6-20pH
M C — 180-240pF
~ u Nz
n M- | These values are sufficiently modeled with the described
’ - . theory, however, for exact values, the relative
e . it i 3 permeability must be derived for the HMS ferrite core.
Frequency [MHz]
Figure 3: Simulation of antenna impedancd).Z( RESOLUTION AND SENSITIVITY

Maximum reflected impedance is desired for resonant Figure 5 shows the measuré@(c)and 0Z(«) of a
frequency measurement and increased maximum testing fabricated system.

distance; however, only the HMS resonant frequengy,
is needed for humidity monitoring, which is independent

of the reflected impedance magnitude and is identified at M"“““‘“-fﬂ,_‘; : i__F.L—""#
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Figure 5: Impedance measureméenf§andZ(f).

An HMS is placed on a hot plate at 360to drive all
residual moisture out of the humidity sensor. The HMS is
then placed in an ESPEC temperature and humidity
chamber to calibrate the device. The temperature of the

/ | chamber is set to 38€ and the impedance of a loop

antenna (coupled to the hybrid coil-humidity sensor inside

Copper Wire Coll the chamber) is measured to monitor the HMS resonant
frequency as humidity is controlled from 20% to 80% RH
at 10% intervals. The results are shown in Figure 6.

Around Ferribe Core

BEEs | Ak L] 6 Inm ROD3%




90%
T £
T 80% W&
X 70% £ AN
2 60% £
) 3
£ 50% £
=] E

40%
I 3
O 30% £ I
© 20% £ o
[0 3
o 10% F

0% FA—t—tt

45 4.6 47 48 4.9 5 5.1
HMS Resonant Frequency [MHz]

Figure 6: HMS calibration curve.

The sensitivity of the system is extracted from the slope
of the calibration curve and is about 8kHz/%RH for this
specific sensor. Other HMSs have been calibrated with
sensitivities ranging from 5-8kHz/%RH. The resonant
frequency measurement is +12.5kHz, giving the overall
wireless system a resolution +2.5%RH.

Using a ferrite material in the antenna core allows the
permeability p, to be increased by a factqr (u is
determined by the ferrite material characteristics). From
Egs. 2, 3, & 8, the real part to imaginary parZ(h) is
mcreased byu, thus the sensitivity of the system is

with a ferrite (material #61) core and with an air core.
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F|gure 7: Phase amplltude of ferrite core and non-ferrite
core loop antenna.

Both the measurement distance, and the sensitivity can be only useful up to 1cm from the HMS.

improved by using a ferrite core in the transmitting
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Figure 8: Observed frequency shift only with
ferrite core antenna.

This frequency shift is attributed to the increased
magnetic field of the ferrite core antenna on the HMS
ferrite core inductor coil. The permeability of a ferrite
material is nonlinearly proportional to the magnetic flux
density impressed upon it. Therefore, as the antenna
moves closer to the HMS the magnetic flux density in the
HMS ferrite core increases. This increases the
permeability of the HMS ferrite and thereby increases the
coil inductance. Note the resonant frequency of the HMS
is

fo = [Hz]

1
° a2m/LC

thus a decrease in resonant frequency is observed when

(Eq.9)

8the ferrite antenna is close to the HMS. Figure 9 shows

an acceptable range of 0.2-2cm for using a ferrite antenna.
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Figure 9: Testing range of ferrite core antenna.
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This is an improvement because air core antennas are
Increased antenna
sensitivity with ferrite core antennas allows extended

antenna; however, ferrite core antennas can only be usedtesting distances, which may be useful for animal implant
to test the HMS for a given range due to an observable testing. Both of these testing ranges are sufficient for
resonant frequency shift at close distances, shown in many applications.

Figure 8.



TEST RESULTS Another HMS is encapsulated in a second glass-silicon
package in a dry environment. The package is immersed
The HMS has been utilized in the previously described in DI water at room temperature and monitored visually
implantable hermetic glass-silicon package [1]. A and telemetrically. While non-hermeticity of the package
packaged HMS, shown in Figure 10, has been tested in- cannot be confirmed visually, RH monitoring identified
vitro under both accelerated and standard conditions, and this package seal to be non-hermetic. Figure 12 shows
tested in-vivo implanted in several guinea pigs. the %RH change over a period of 80 days and shows a

leakage rate with an indicated exponential humidity
——
K-I__\

increase over the first 3 day soak period and a linear
humidity increase for the remaining soak period. Note
M___m:rmmm&-i

that the humidity sensor is not linearly characterized for
RH<20% thus the nonlinearity may be characteristic of
the HS [3].
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Figure 10: Glass-silicon package with HMS enclosed. °© 10% /
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Figure 12: Packaged HMS detecting low leak rate.

An HMS is encapsulated in a glass-silicon package which
has an unbonded region dfbmm (due to particle
contamination on the bond region). The unbonded region ) ) o
is visually detected using a microscope focused through In this case, the leakage path is small thus the humidity
the glass capsule onto the glass-silicon bond interface. Within the package slowly increases over time and an
This package is placed into a controllable humidity €xtremely low leakage rate is detected.

chamber and the HMS is telemetrically monitored to test ] i .

the response of the HMS within the non-hermetically In-vitro test results on a single hermetically sealed

sealed package. The HMS data is provided in Figure 11. Package immersed in saline solution at 97°C show no
appreciable change in humidity inside the package. The

results shown in Figure 13 show the %RH change versus
the number of days soaking at 97°C.
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In this case, the leakage path is large thus the humidity
within the package is immediately affected by the Figure 13: In-vitro test in saline solution at’@7
humidity in the external environment as seen by a change

in resonant frequency. Thus, gross leakage is detected.




The package is removed from the high temperature
environment and brought to room temperature for
wireless humidity monitoring. The frequency variations

Implanted packages in guinea pigs are monitored bi-
weekly and the humidity inside the package is recorded.
Figure 15 shows the resonant frequency of three packages

are attributed to thermal shock and day to day temperature in one of the guinea pigs. The resonant frequency has not

fluctuations during testing since relative humidity is
temperature dependent. These variations are within
experimental error and hence the HMS data and visual

inspection analysis strongly suggest the anodically sealed

package is hermetic.

These in-vitro tests conclusively demonstrate that the
HMS can be used to accurately detect non-hermeticity of
a fabricated package.

HMS In-Vivo Test Results

With the development of the wireless humidity
monitoring system, it is possible to remotely monitor
package integrity while the device is implanted in animal
hosts. Two guinea pigs have each been implanted with
three packages for in-vivo monitoring. Devices were
implanted in the head beneath the skull above the dura,

significantly changed since its initial value at dry
conditions, which indicates that the enclosed HMS is dry
after 6 months.

CONCLUSION

A miniature humidity monitoring system has been
developed for use in implantable biomedical packages.
The system can be used to detect humidity changes within
+2.5%RH up to 2cm from a stimulating external ferrite
core loop antenna. A simple circuit model has been
analyzed which sufficiently models the wireless humidity
monitoring system. HMSs have been encapsulated in
glass-silicon packages for in-vitro and in-vivo tests.

Future work will implement this wireless monitoring
system into a fully automated test station, another useful

under the skin over the leg muscles, and in the abdominal application for this technology. Also, research will be

cavity. One of the guinea pigs is shown in Figure 14.
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Figure 14: Implanted packages in a guinea pig host.
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Figure 15: %RH change for three animal implants.
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focused on scaling and eventually integrating the receiver
coil on the sensor chip to develop a fully integrated
humidity monitoring system.
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