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TITLE

Device and Method for Circuit Protection During Radiation Sterilization

FIELD OF THE INVENTION

This invention relates to circuit protection devices and methods, and in

particular embodiments, to circuit protection devices and methods for use during

radiation sterilization of devices containing electronic circuits.

BACKGROUND OF THE INVENTION

Over the years, sterilization of medical devices has become more
important and difficult. At one time it was possible to sterilize most medical
devices at the site of use, since the devices were relatively simple, such as
reusable syringes, scalpels, scissors or the like. In addition, the medical devices
were often used 1n a doctor’s office, hospital, or the like, that included
sophisticated sterilization equipment. Thus, the medical devices could be shipped
for use without sterilization.

However, medical devices have changed considerably over the years. For
instance, the devices are becoming more complicated and use many different
materials, such that autoclaving, chemical sterilization, or the like, 1s no longer
possible, since the processes would likely destroy the materials of the medical
device or fail to reach areas not readily accessible after construction of the
medical device. In addition, many medical devices are now being used in the
home by patients, and these patients generally do not have the equipment
necessary to perform the required sterilization. Thus, on-site sterilization has
become difficult or impossible to perform at the site of use.

To overcome this drawback, most devices are now sterilized at the facility
of manufacture, prior to shipment. Sterilization can be facilitated by sterilization
of each component prior to assembly in a sterilized environment. However,
additional sterilization is often required. Heat and chemical sterilization cannot
always be used due to possible destruction of the various materials. To overcome
issues of heat and chemical sterilization, radiation (including x-ray and electron

beam) sterilization was developed to provide sterilization of a medical device
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once it was in its packaging. Thus, after sterilization, the device is shipped and
stored in a sterilized environment until the medical device 1s to be used.
Although radiation sterilization has solved many sterilization issues, it 1s
difficult to sterilize complicated devices containing electronic circuits, since the
radiation has the capability to damage or destroy semiconductor circuit elements.

One approach is to remove the circuits prior to sterilization, but this still raises

issues of sterilization when the device 1s reassembled.

SUMMARY OF THE DISCLOSURE

It is an object of an embodiment of the present invention to provide an
improved circuit protection device, which obviates for practical purposes, the
above mentioned limitations.

According to an embodiment of the invention, a circuit protection device
for protection of sensitive components during high energy sterilization that
includes a support substrate and a protective housing. The substrate supports the
sensitive components. The protective housing is hermetically coupled to the
support substrate to seal the sensitive components within the protective housing.
Preferably, the protective housing stops high energy used in the high energy
sterilization from damaging the sensitive components from a predetermined
exposure level of high energy sterilization. In further embodiments, the circuit
protection device includes a protective conductor that is coupled to the support
substrate on a side which is opposite the protective housing to prevent high
energy from entering the opposite side of the support substrate. The circuit
protection device can also include an energy absorbing material contained within
an area sealed by the protective housing to absorb high energy byproducts
produced by the protective housing stopping the high energy used in the high
energy sterilization. Preferably, the support substrate is a circuit board, and the
sensitive elements are semiconductors. Also, the high energy sterilization is E-
beam sterilization and the high energy are electrons, and the high energy
byproducts are x-rays.

In particular embodiments, the energy absorbing material 1s an epoxy

containing metal. Also, the protective housing and protective conductor are

PCT/US00/12593
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formed from a metal or other electrical conductor. For instance, the metal 1s
selected from the group consisting essentially of titanium and aluminum.

In particular embodiments, the predetermined exposure level is above 2.0
Mrad. Alternatively, the predetermined exposure level is less than or equal to 5.0
Mrad, or the predetermined exposure level is above 0.5 Mrad.

In another embodiment of the present invention a circuit element for use
in an electronic device includes a semiconductor structure. The semiconductor
structure has been sterilized by a predetermined dosage of radiation. Also, the
gain characteristics after radiation sterilization are reduced by less than a
predetermined fraction of before radiation sterilization gain characteristics. In
addition, after radiation sterilization the characteristics of collector current and
base current as a function of base voltage change in a generally proportional
relationship relative to each other. In preferred embodiments, the radiation
sterilization is by gamma radiation. In particular embodiments, the circuit
element is a transistor, a circuit array, or a PNP high voltage structure.

In further embodiments, the predetermined fraction of before radiation
sterilization gain characteristics is 25%, 50%, 75%, or the like. The
predetermined dosage of radiation is above 5kGy, 10kGy, 15kGy, 20kGy, 25kGy,
30kGy, or the like. In other embodiments, a ratio of the collector current and the
base current, each as a function of the base voltage, has a magnitude greater than
one for a predetermined operating range.

Other features and advantages of the invention will become apparent from
the following detailed description, taken in conjunction with the accompanying

drawings which illustrate, by way of example, various features of embodiments of

the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description of embodiments of the invention will be made with
reference to the accompanying drawings, wherein like numerals designate
corresponding parts in the several figures.

Fig. 1 is a perspective view of a circuit board that uses a circuit protection

device in accordance with an embodiment of the present invention.
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Fig. 2 is a partial cross-sectional diagram of the circuit protection device

as shown along the line 2-2 in Fig. 1.

Fig. 3 1s a cross-sectional diagram that shows a circuit board with a circuit

- protection device, as shown in Figs. 1 and2, that is contained in a medical device

and 1s exposed to E-beam sterilization.

Fig. 4 is a table describing various transistors and circuits tested in
accordance with another embodiment of the present invention.

Fig. 5 is a table showing the before and after radiation treatment
characteristics for the transistors and circuits, shown in Fig. 4, 1n accordance with
embodiments of the present invention.

Figs. 6a to 6¢ are directed to representative charts showing various B gain,
or Beta, curves for collector current versus collector emitter voltage for a
preferred transistor before and after radiation treatment, shown in Figs. 4 and 5, 1n
accordance with embodiments of the present invention.

Figs. 7a to 7c are directed to representative charts showing characteristic
curves, collector current versus base voltage and base current versus base voltage
of a preferred transistor before and after radiation treatment, shown in Figs. 4 and
5, in accordance with embodiments of the present invention.

Figs. 8a to 8c are directed to representative charts showing various B gain,
or Beta, curves for collector current versus collector emitter voltage for another
transistor before and after radiation treatment, shown in Figs. 4 and 5, in
accordance with embodiments of the present invention.

Figs. 9a to 9c are directed to representative charts showing characteristic
curves, collector current versus base voltage and base current versus base voltage
of another transistor before and after radiation treatment, shown in Figs. 4 and 5,
in accordance with embodiments of the present invention.

Figs. 10a to 10f illustrate various circuit arrangements that may utilize
transistors sterilized in accordance with embodiments of the present invention, as
shown in Figs. 4 and 5.

Fig. 11 is a table showing the various transistors and circuits sterilized and

the number of times sterilization was performed in accordance with embodiments

of the present invention.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As shown in the drawings for purposes of illustration, the invention 1s
embodied in a circuit protection device and method for use during E-beam
sterilization to permit sterilization of a medical device containing semiconductor
circuit elements. In preferred embodiments of the present invention, the circuit
protection device forms a permanent part of a circuit board, which permits
sterilization of the medical device and circuit board after tinal assembly.
However, it will be recognized that further embodiments of the invention may be
used to protect circuit elements that are sterilized prior to final assembly in a
medical device. The circuit protection device is primarily adapted for use 1n
medical device for external use. However, alternative embodiments may be used
in medical devices to be placed internally within the patient or for both internal
and external use. Preferred embodiments are for use with medication infusion
devices. However, alternative embodiments may be used with other medical
devices containing E-beam sensitive components. Preferred embodiments of the
present invention are directed to protecting circuits during E-beam sterilization.
However, other embodiments, may protect circuits during other sterilization
techniques that utilize other energy sources, such as gamma ray, x-ray, proton
beam, or the like.

As shown in Figs. 1-3, the circuit protection device 10 in accordance with
a preferred embodiments of the present invention includes a circuit board 12 (or
support substrate), a protective conductor 14 and a protective housing 16 to cover
E-beam sensitive components 18 mounted on the circuit board 12. In preterred
embodiments, the E-beam sensitive components are potted (or surrounded) with
an energy absorbing substance 20 that further protects the E-beam sensitive
components 18 mounted on the circuit board 12.

Preferred embodiments of the protective housing 16 are sealed the circuit
board 12 to provide a hermetic seal. Thus, once the exterior of the protective
housing 16 and the circuit board are sterilized, the entire component assembly 1s
sterilized, since no contaminates inside the sealed environment around the E-
beam sensitive components 18 can escape to effect the sterilized device. In

preferred embodiments, the protective housing 16 is attached to the circuit board



WO 00/71173

10

15

20

23

30

12 using an adhesive, such as RTV, silicone based adhesives, epoxies, or the like.
Also, if the energy absorbing material 20 is used and has adhesive properties, it
may be used to secure the protective housing 16 and form the hermetic seal. In
other embodiments, the protective housing 16 may be welded to the circuit board
12, or include a plastic liner that permits sonic welding of the protective housing
16 to the circuit board 14. In further embodiments, the protective housing 16 may
be used with a gasket (not shown) and snapped in place or otherwise secured to
the circuit board 12 to form a hermetic seal.

Preferably, the protective housing 16 is formed an electron stopping light
metal such as aluminum or titanium. In alternative embodiments, other materials
may be used that stop electrons or radiation, such as silver, gold, lead, tantalum,
or the like or other electrically conductive materials. Preferably, the protective
housing 16 is formed from a single sheet of stamped metal to facilitate assembly
and to reduce cost. However, alternative embodiments may use other structures,
such as cast metals, laminates, or the like. In addition, the protective conductor
14 should be formed of a similar electron stopping material to prevent electrons
from passing through the back of the circuit board 12 to the E-beam sensitive
components 18.

Preferred embodiments of the protective housing 16 and protective
conductor 14 have a thickness that is sufficient to withstand electron beam
sterilization and stop the electrons with a preferred single dose of 2.0 Mrads (or
20 kGy). However, in alternative embodiments, smaller dose levels may be used
if sufficient sterilization may be achieved at the lower dose, such as for example
0.5 Mrads (5 kGy). Larger doses may also be used, if the protective housing 16
and protective conductor 14 (as well as other medical device components - not
shown) are selected and assembled to withstand doses up to 5.0 Mrads (50 kGy).
The circuit protection device 10 materials are carefully selected with regard to
protective housing materials, circuit board materials, electrodes, any membranes,
chemistry, lubricants, and the packaging materials, and manufacturing tolerances
to assure the ability to withstand electron beam sterilization and the continued
proper operation of the E-beam sensitive components 18 after sterilization.

In operation, as shown in Figs. 2 and 3, the protective housing 16 stops

PCT/US00/12593
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the electrons in the E-beam 22 from an E-beam source 24 from reaching and
impinging on the E-beam sensitive components 18 after passing through the walls
52 of a medical device 50. In addition, the protective conductor 14 prevents
electrons in the E-beam 22 from reflecting off of a back wall 54 in the medical
device 50 and damaging the E-beam sensitive components 18 by passing through
the back of the circuit board 12. Thus, the structure of the of circuit protection
device 10 formed by the circuit board 12, the protective conductor 14 and the
protective housing forms a small Faraday cage to protect the enclosed E-beam
sensitive components 18 from damaging electrons during the sterilization
procedure.

Light metals, as discussed above, are particularly well adapted to stopping
electrons in E-beams 22. However, a drawback to the use of light metals 1s that
they often produce x-rays 26 (see Fig. 2) as a byproduct from the stopping of the
electrons in the E-beams 22. Therefore, to protect the E-beam sensitive
components 18, the interior area under the protective housing 16 1s filled with an
energy absorbing material 20 that is particularly well suited for absorbing x-rays,
or electron stopping energy byproducts. In preferred embodiments, the energy
absorbing material is an epoxy that contains a metal to stop and absorb the x-rays.

Any such compound should be selected to avoid interfering with any electrical
operation of the E-beam sensitive components 18. In alternative embodiments,
the energy absorbing material is a liner (not shown) 1n a laminate structure
forming the protective conductor 14 and protective housing 16, such as lead, or
the like, that stops and absorbs x-rays. In further alternatives, other energy
absorbing materials may be used.

Preferred embodiments of the E-beam sensitive components 18 are
semiconductor devices, such as microprocessors, RAMs, ROMS, flash memory,
or the like. However, alternative embodiments, may include other E-beam
sensitive components, such as temperature sensors, antennas, pOwer sources,
batteries, or the like. If the E-beam sensitive components 18 generate heat (or
need to conduct heat), then it is preferred that any energy absorbing material 20

act as a conductor to maintain temperature equilibrium within the medical device

>0.
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Figs. 4 through 11 are directed to another embodiment of the present
invention, where specific transistor and circuits are selected based upon their
ability to maintain functionality with minimized loss of gain characteristics after
radiation sterilization. A study was conducted to determine which transistors and
circuit types are most acceptable for withstanding gamma radiation sterilization.
Transistors and circuits listed and numbered in Figs.4 and 5 were tested prior to
and then after gamma radiation to determine the characteristics of the transistors
and circuits. The test exposed the transistors and circuits to a total radiation dose
of 30.9 to 33.3 kGy. In each of the tests, 10-20 samples were exposed to the
radiation and samples were tested before and after sterilization. In further
embodiments, the transistors and circuits were sterilized a second time at a
dosage level of 30.8 t0 32.4 kGy. Fig. 11 lists the components tested, the number
of units tested, and how many times each unit was sterilized. In alternative
embodiments, larger or smaller doses may be used and/or a different number of
sterilizations may be performed with the selecuion being dependent on the
transistor or circuit to be sterilized, type of medical device, number of times the
medical device will be used, and environment in which the medical device will be
used. In addition, other circuit components, such as Zener diodes, LEDs, or the
like may be 1dentified and used in these embodiments.

Fig. 5 1s a table showing the before and after radiation treatment
characteristics for samples of the transistors and circuits in accordance with
embodiments of the present invention. The table shows that BF (peak) and B @
~ 100 uA 1s reduced by a substantially small amount of loss due to radiation if the
proper transistor or circuit is chosen. For instance, the preferred embodiment

identified that PNP, high voltage transistors or circuits have the lowest loss of
gain and deterioration of other characteristics. Hence, selecting the proper
transistor or circuit facilitates the ability to design a medical device that will
withstand gamma radiation sterilization processes. If the gains are reduced and
the charactenistics degrade in a predictable manner, or in a way that does not
cause unexpected results to occur, the medical device can be safely sterilized. All
test results were verified for predictability by modeling in the SPICE program and
then checking the SPICE program resuits against the actual obtained results.
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Typical circuits in which various radiation sterilized transistors and circuits may

be used are shown in Figs. 10a to 10f.

Figs. 6a to 6¢ are directed to representative charts showing various B (beta
or gain) curves, collector current versus collector-emitter voltage as a function of
base currents for a preferred transistor before and after radiation treatment in
accordance with an embodiment of the present invention. This chart shows that
for the transistor of test group 1 in Fig. 5, the gain was reduced in a generally
proportional manner. Figs. 7a to 7c are directed to representative charts of
characteristic curves, showing the relationship of collector current and base
current, each as a function of base voltage, of a preferred transistor before and
after radiation treatment in accordance with an embodiment of the present
invention. A key aspect of Fig. 7¢ is that the gain of the transistor as a function of
base voltage before the radiation treatment has roughly the same proportionality
(on a logarithmic graph) after radiation treatment. The graphed relationship
shows a similar slope, which implies a lowering of gain, but without a significant
increase in leakage current at the base emitter junction of the device. The gain
after sterilization treatment is therefore shifted lower, but proportionately. This
implies that the transistor will work in a manner consistent with its behavior prior
to radiation sterilization. For instance, a ratio of collector current to base current
(hFe or gain), each as a function of base voltage, of the expected, normal
operating range of circuit will yield a ratio having a magnitude greater than one -
the slopes will not intercept in the expected operating range. The operating range
being determined by the type of medical device, length of operation, operating
environment and safety margin required to avoid malfunctions. Thus, the
electronics of the medical device may be designed to utilize a gain with the
expected and predictable change after the sterilization treatment. This finding
means that a medical device circuit without feedback control can be designed to
work predictably with components having these characteristics. Also, for circuits
using feedback control, circuits in medical devices in which the components are
used can be designed to work even with the gain reduction after sterilization

treatment. Further, it should be understood that the graphs show a general
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relationship on the characteristics, which may be used to tune the radiation
sterilization process or circuit design to achieve desired performance
characteristics in the radiation sterilized medical device.

Conversely, Figs. 8a to 8c are directed to representative charts showing
various B (Beta, or gain) curves, collector current versus collector-emitter voltage
as a function of base current, for another transistor before and after radiation
treatment in accordance with an embodiment of the present invention. The gain
of this transistor in test group 2 shows that the gain changed in a non-proportional
manner (on a logarithmic graph) for some values of base current. Figs. 9a to 9¢
are directed to representative charts of characteristic curves, collector current and
base current, each as a function of base voltage. This implies leakage at the
semiconductor junction in the device, and gain non-linearity, especially at low
base voltages, where base currents represent a larger proportion of the total
collector current. In this instance, the component would not change predictably
after the sterilization treatment, and would be far less suitable as a component
choice for the circuit in a medical device. For instance, a ratio of collector current
to base current (hFe or gain), each as a function of base voltage, of the expected,
normal operating range of circuit will yield a ratio having a magnitude less than
or equal to one - the slopes will intercept at some point within the expected
operating range. The operating range being determined by the type of medical
device, length of operation, operating environment and safety margin required to
avold malfunctions.

While the description above refers to particular embodiments of the
present invention, it will be understood that many modifications may be made
without departing from the spirit thereof. The accompanying claims are intended
to cover such modifications as would fall within the true scope and spirit of the
present invention.

The presently disclosed embodiments are therefore to be considered 1n all
respects as illustrative and not restrictive, the scope of the invention being
indicated by the appended claims, rather than the foregoing description, and all
changes which come within the meaning and range of equivalency of the claims

are therefore intended to be embraced therein.
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WHAT IS CLAIMED IS:

A method for sterilizing a medical device using high energy
radiation selected from one of electron beam sterilization, gamma
ray sterilization, x-ray sterilization or proton beam sterilization,
wherein the medical device is packaged in a metallic protective
housing (10) that is hermetically coupled to a support substrate
(12) that supports sensitive semiconductor circuit elements (18),
the high energy radiation 1s stopped by the metallic protective
housing (10) and by-products are formed by the stopping process,
and the by-products are absorbed by an energy absorbing material
(20) contained within the area sealed by the protective housing
(10).

The method according to claim 1 wherein a protective conductor
(14) 1s coupled to the support substrate (12) on a side opposite the
protective housing (10) to prevent high energy radiation from
entering the side of the support substrate (12).

The method according to claim 1 or 2 wherein the high energy
radiation sterilization is electron beam sterilization and the by

products are x-rays.

The method according to any one of claims 1, 2 or 3 wherein the
energy absorbing material is an epoxy containing metal.

The method according to any one of claims 1, 2, 3 or 4 wherein
the high energy radiation further comprises a predetermined
exposure level above 0.5 Mrad.

The method according to claim 5 wherein the predetermined
exposure level i1s above 2.0 Mrad.
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The method according to claim 5 wherein the predetermined
exposure level is less than or equal to 5.0 Mrad.

A method of sterilizing a semiconductor structure for use in an

electronic device, to reduce a post-sterilization gain characteristic

of the semiconductor structure by an amount less than a predeter-

mined fraction of a pre-sterilization gain characteristic of the

semiconductor structure, the method comprising:

(a) monitoring a collector current characteristic of the semicon-
ductor structure;

(b) monitoring a base current characteristic of the semiconduc-
tor structure; and

(¢) exposing the semiconductor structure to a predetermined
dosage of radiation while controlling the dosage of radiation
to change the collector current characteristic in proportion
to a change in the base current characteristic, for a given
base voltage applied to the semiconductor structure.

A method according to claim &8, wherein the radiation is gamma

radiation.

A method according to claim 8, wherein the predetermined frac-
tion of the pre-sterilization gain characteristic is 25%.

A method according to claim 8, wherein the predetermined frac-
tion of the pre-sterilization gain characteristic is 20%.

A method according to claim 8, wherein the predetermined frac-
tion of the pre-sterilization gain characteristic is 75%.
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13. A method according to claim 8, wherein the predetermined dos-
age of radiation 1s above SkGy.

14. A method according to claim 8, wherein the predetermined dos-
S age of radiation 1s above 10kGy.

15. A method according to claim 8, wherein the predetermined dos-
age of radiation is above 15kGy.

10 16. A method according to claim 8, wherein the predetermined dos-
age of radiation 1s above 20kGy.

17. A method according to claim 8, wherein the predetermined dos-
age of radiation is above 25kGy.

15
18. A method according to claim 8, wherein the predetermined dos-
age of radiation is above 30kGy.
19. A method according to claim 8, wherein the semiconductor
20 structure 1S a transistor.

20. A method according to claim 8, wherein the semiconductor
structure 1s a circuit array.

25 21. A method according to claim 8, wherein the ratio of the collector
current to the base current, each as a function of the base voltage,
has a magnitude greater than one over a predetermined expected
operating range.

30 22. A method according to claim 8, wherein the semiconductor
structure 1s a PNP high voltage structure.
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Parameter - B/IA 1 2 4 5 6 7
BF (peak) B 804 218 490 232 300 112

A 57 85.2 228 122 116 43.2
B@~100uA B 804 218 490 232 300 112

A 443 15.8 33.4 30.5 295 8.94
IS (A) B -1.28E-14 -9.54E-15 3.19E-14 1.05E-14 1.82E-14 -1.30E-14

' A -1.28E-14 -1.41E-14 2.06E-14 1.03E-14 1.52E-14 -1.30E-14

NF B -0.9871 -0.9987 1.0007 0.9986 0.9992  -1.0082

A -0.9871 -1.0168 0.9919  0.9861 0.9933  -1.0067
VAF (V) B 316 39.5 -55.2 -90.1 -82.7 178

A 231 443 -93.4 -120 113 67.2
icbo (A) B  -4.10E-12 -4.75E-13 6.91E-06 1.43E-06 1.33E-06 -2.91E-12

A -8.42E-11 -1.13E-10 2.54E-09 6.62E-09 212E-09 -2.58E-10
ISC (A) B  -528E-14 -2.21E-15 1.41E-08 6.20E-09 4.51E-09 -2.62E-14

A -152E-12 -1.35E-12 1.11E-11 5.30E-11 1.80E-11 -6.25E-12
NE B - i : - i i

A -15426 -19533 18488 17635 17684  -1.9154
ISE (A) B O 0 0 0 0 0

A -556E-13 -515E-11 1.88E-11 1.06E-11 1.12E-11 -6.20E-11

1 = BF621 -- PNP, high voltage

2 = XN4401 -- PNP, array

4 = BCX70 — NPN, small signal

5 = XN2501 -- NPN, array, base coupled
6 = XN4501 -- NPN, array

7 = PN4888 -- PNP

* The resulting parameters for each transistor type are averages of 3 to 4 tested transistors
02.16.00

Fiy, 5
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Transistor Numbers How many times Sternilized
BF621 1-22 2
BFO621 22-80 1
XN4401 1-10 2
Xn4401 11-20 1
2SC5019 1-9 2
BCX70KCT 1-21 2
BCX70KCT 22-36 ]
XN2501 I-10 2
XN2501 11-20 ]
XN4501 - 1-10 2
XN4501 11-20 1
PN48&E 1-20 2
U401 1-20 Z
BSS1382X 1-10 2
SST270 1-9 2
GERMANIUM 1-12 2
GERMANIUM 13-24 1
BF720 1-10 ]
MPSA42 1-20 ]
MPSL51 1-20 1
MPSA93 1-20 ]
2N5401] [-20 I

FI1G. 11
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