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REQUEST FOR RECONSIDERATION IN RESPONSE TO FINAL OFFICE ACTION

This paper is submitted in response to the Final Office Action that was mailed on
February 23, 2015. Applicant herein submits additional remarks in support of registration.

A precautionary Notice of Appeal is submitted herewith.

REMARKS

I. Acquired Distinctiveness

The Final Office Action maintained the rejection of the registration under Trademark Act
Section 2(e)(1) and indicated that additional evidence is needed.

Applicant previously amended the application to assert acquired distinctiveness based on
more than five years’ use in commerce. A supplemental Declaration under Trademark Act
Section 2(f) pursuant to 35 U.S.C. Section 1052(f) was submitted on September 17, 2013 to

provide additional evidence in support of Applicant’s claim of acquired distinctiveness. Further



‘Applicant: Specialty Coating Systems, Inc.
U.S.S:N.: 76/711,510

comments in support of registration were presented in the Response to Office Action submitted
on January 22, 2015.

The previously submitted evidence including samples of advertising and consumer
statements of recognition should be considered supportive of Applicant’s acquired
distinctiveness claim along with the length and exclusivity of related use.

A further Supplemental Declaration under Trademark Act Section 2(f) pursuant to 35
U.S.C. Section 1052(f) accompanies this submission to provide additional evidence in support of
Applicant’s claim of acquired distinctiveness. Specifically, the supplemental Declaration by
Applicant provides relevant information regarding marketing and sales, along with additional
examples of industry recognition attributing the mark to Applicant.

The proposed mark is not merely descriptive and the Section 2(e)(1) ground for rejection
is believed to be obviated.

With particular reference to International Class 040, Applicant respectfully disagrees that
the proposed mark is merely descriptive in view of the relevant identification of goods/services
which makes no reference to coating with a polymer material, let alone with a parylene material.

Reconsideration is respectfully requested in view thereof.

I1. Conclusion

In view of this response, the application is believed to be in condition for allowance.
Prompt passage to publication is therefore in order and requested.

Any questions regarding this submission may be directed to Applicant’s representative at

the telephone number provided below.

Respectfully Submitted.
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One Main Street; Eleventh Floor
Cambridge, MA 02142
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Attorney for Applicant

Dated: August 24. 2015
Attorney Docket No.: S2007-2013
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lemental Declaration Under Section 2(f) Pursuant to 15 U.S.C. Section 1052

Su

This paper supplements the Declaration previously submitted on September 17, 2013.

I, the undersigned, declare as follows:

The mark PARYLENE HT has become distinctive through Applicant’s substantially
exclusive and continuous use in commerce for at least the five years immediately preceding the

filing date of the present trademark application.

Applicant has made, and continues to make, significant efforts in the United States to
associate the mark PARYLENE HT with itself as a source identifier. Applicant routinely
mentions the mark PARYLENE HT in a majority of its marketing materials. In terms of
advertising figures, more than one-third of Applicant’s total expenditure on marketing collateral

over the relevant period has been at least partially directed to establishing brand awareness under
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the mark PARYLENE HT. Examples of such advertisements referencing the mark PARYLENE

HT were previously submitted.

In terms of sales volume, at least about 15% to about 20% of Applicant’s production line
sample runs over the relevant period have been attributable to the goods and services offered

under the mark PARYLENE HT.

Unsolicited media coverage confirming that the purchasing public has come to view the

mark PARYLENE HT as an indicator of origin was previously submitted.

Additional examples of industry recognition are submitted herewith as Exhibits A-C in
the form of journal articles referencing Applicant as the sole supplier of the relevant materials

and exclusive coater of the evaluated samples under the mark PARYLENE HT.

The mark PARYLENE HT has therefore acquired distinctiveness and is not merely

descriptive of the relevant goods and/or services.

The undersigned being warned that willful false statements and the like are punishable by
fine or imprisonment, or both, under 18 U.S.C. § 1001, and that such willful false statements and
the like may jeopardize the validity of the application or document or any registration resulting
therefrom, declares that all statements made of his own knowledge are true; and all statements

made on information and belief are believed to be true.

Specialty Coating Systems, Inc., Applicant

N e ATy N

Date: ?} — ] 1S By: { AQ\\J\[\/}\C/::
‘ Name: Rakesh Kumar—""

Title: Vice President, Technology




EXHIBIT A

Electrical Conduction in Parylene HT

S. Diaham, M.-L. Locatelli, R. Khazaka, H. Hourdequin

Université de Toulouse; UPS, INPT; LAPLACE (Laboratoire Plasma et Conversion d'Energie) ;

118 Route de Narbonne, F-31062 Toulouse cedex 9, France.
CNRS; LAPLACE; F-31062 Toulouse, France.

and R. Kumar
Specialty Coating Systems, Inc. (SCS) ; Cookson Electronics ;
7645 Woodland Drive, Indianapolis, IN 46278, USA.

ABSTRACT

The electrical conduction of parylene HT films, a new high performance fluorinated
parylene, is investigated at high temperature (200 to 350 °C), high electric field (50 and
3600 kV/cm) and for different thicknesses (1.2 to 11 pm). The steady-state currents are
analysed by assuming different conduction models. Whereas the Schottky and Poole-
Frenkel models have been excluded, the thermally assisted hopping mechanism appears
as the most probable conduction mechanism for fields up to the threshold (~1500
kV/cm). Based on the analysis of the hopping jump distance and its evolution versus
temperature, an ionic hopping conduction has been proposed as the most probable
charge carriers origin to describe our results. Finally, the film thickness and the field
polarity are studied. Results indicate that positive carriers (holes) are the main
contributors to the injection current.

Index Terms — Parylene HT, Parylene-AF4, Poly(a,a,0’,a’-tetrafluoro-p-xylylene),

Electrical conduction, High temperature, Hopping conduction.

1 INTRODUCTION

POLYMERIC materials are widely used in the field of
microelectronics where low dielectric constant materials with
high electrical insulating performances are required as
interlayer dielectrics (ILD) in the high-density multi-level
interconnection to reduce the RC (resistance-capacitance)
delay [1,2] or as passivation layer at the semiconductor surface
[3]. Dielectric layers able to insure the insulation at high
temperatures become of main interest due to the development
of new wide band gap semiconductor devices and specially
those founded on the most mature silicon carbide (SiC)
technology able to operate at high temperature (200 °C - 400
°C). Polyparaxylylene (PPX) films, usually referred as
parylenes (PA), appear as potential candidates for the surface
electrical insulation of power electronic components due to
their physical properties and the compatibility of their
deposition process. The most prominent advantage is the
solvent-less room temperature vapor deposition polymerization
(VDP) process, allowing the deposition of conformal
submicron and micron films (from 100 nm to 50 pum) without
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forming pinholes [4.5]. Among all the kinds of parylene,
fluorinated ones appear as the most adapted for high
temperature applications. One of the most efficient fluorinated
parylenes are from the family of Parylene AF4 and
commercially available as Parylene HT (PA-HT). PA-HT
owns a high thermal stability and good dielectric properties,
making it potential candidates for the high temperature
applications. In previous papers, some of the authors have
investigated the evolution of the DC conductivity, the
dielectric properties and the dielectric strength of PA-HT [6-8].
However, the electrical conduction mechanisms have not been
reported yet and are of real interest since intermediate field
levels correspond to real service conditions. In this paper, the
conduction currents in PA-HT films are investigated at high
temperatures from 200 °C to 350 °C well above the material
glass transition temperature estimated in the range of 20 °C
and 100 °C. The measurements using the current-time (/-f)
methods were carried out for different electrical fields from 50
kV/cm up to 3.6 MV/em. The effect of the film thickness and
the applied voltage polarity on the conduction current will be
investigated as well as the conduction mechanisms.



2 EXPERIMENTAL

2.1 MATERIAL AND TEST STRUCTURE

The electrical conduction properties were studied on 1.2
um, 4.9 um and 11 um-thick poly[(2,3,5,6-tetrafluoro-1,4-
phenylene)(1,1,2,2-tetrafluoro-1,2-ethanediyl)] films,
commercially available as Parylene HT- (Specialty Coating
Systems, Inc. (SCS)) [9]. Figure | shows the monomeric
structure of PA-HT. The films have been coated at room
temperature onto mirror-polished stainless steel substrates
(3.3x3.3 sz) by VDP using the Gorham process. Before
the coatings, the substrates were cleaned with acetone and
treated using an adhesion promoter (AdPro Plus:, SCS).
Thicknesses were accurately measured (several times at
different positions of each coating) with a KLA Tencor
Alpha-A mechanical profilometer (accuracy in z-direction
+0.01 pm). In order to avoid any structural variation in the
films during the high temperature measurements, as
highlighted previously [6.7], the films were annealed
preliminary at 400 °C for 1 hour under nitrogen flux.

Figure 1. Chemical structure of the PA-HT (AF4 family) monomeric unit.

For the electrical characterizations, metal-insulator-
metal (MIM) capacitance structures were achieved. Gold
top electrodes (thickness of 180 nm) were evaporated under
vacuum. Their geometrical shape and diameter were
obtained by chemical etching of gold through a photo-resist
mask owning circular patterns of 2 mm in diameter (see
Figure 2).

i
Figure 2. SEM image of the cross section of the PA-HT film (a) and top
view of the MIM capacitor structures (b).

2.2 MEASUREMENT

The transient currents (/-/) were measured for different
applied electric fields using an electrometer Keithley 6517A
allowing a voltage variation between 0 and 1000 V and the
simultaneous measurement of the leakage current down to
10" A (in our experimental conditions). The probe station
was housed in a metal box (Faraday cage) which, in
addition to the measurement noise reduction, protects the
sample from room light during measurements to prevent
possible photoelectric conduction. The voltage was applied

on the MIM structures connected to a needle-probe station.
The positive polarity is applied on the top gold electrode
unless  otherwise stated. For high temperature
measurements, the samples were placed on a thermally-
regulated chuck with an accuracy of + 1 °C checked with a
thermocouple on the sample surface. The samples was
heated at a rising rate of 5 °C/min up to setting temperature
(i.e. 200 °C, 250 °C, 300 °C or 350 °C). They were
thermalized during 5 minutes before measurements. Virgin
samples were used for each tested temperature in order to
avoid thermal history in PA-HT films. Once the field is
applied, the transient current has been measured during
more than 200 seconds. For each measurement, an untested
electrode was used to avoid electrical history and all
experiments were continued for long enough time periods
to reach a relatively constant current value.

3 RESULTS AND DISCUSSION

3.1 TRANSIENT CURRENTS

Figure 3 shows the transient current density versus time
between 200 °C and 350 °C for different applied electric
fields for the 1.2-um PA-HT thick films. Consecutively to
the application of the field, the current density shows a
continuous decrease with time until reaching a time-
independent value more or less quickly depending on
temperature. Moreover, a global increase of the current
magnitudes with increasing temperature indicates a thermal
activation of the conduction mechanisms.

Usually, the current decay versus time in dielectrics
obeys to the law of Curie-Von Schweidler given by:

[ =At™" 1)

where A is an empirical parameter and » is the exponent of
the power law. The exponent n can be obtained from the
slope of the transient current in a bilogarithmic plot. A
value of n close to 1 often involves the orientation of
dipoles in the direction of the electric field. On the contrary,
when n becomes close to 0, this indicates that the steady-
state current is reached and that most of the current is due to
charge carrier motion and no more to dipole contribution.

Table | summarizes the different values of the exponent
n obtained by fitting the transient currents for the different
fields and temperatures with the Curie-Von Schweidler law.
At 200 °C for fields beyond 1600 kV/cm, the value of »
appears lower than 0.35 which indicates that in these
conditions a slight contribution of dipolar current is present
in the first stage of the polarization currents. However, for
higher fields, the lower values of the exponent mean that
the main contribution of the current is due to mobile
charges (conduction currents).
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Figure 3. Transient current density in PA-HT films versus time and for different applied electric fields at 200 °C (a), 250 °C (b), 300 °C (c) and 350 °C (d).

(Film thickness: 1.2 pm).

For higher temperatures (=250 °C), the conduction
current appears directly as the main part of the current as
soon as the beginning of the polarization (low values of n).

A last observation is the occurrence of an abnormal
increase in the transient currents for the extreme applied
electric fields. Indeed, at 250 °C and for 3200 kV/cm, the
transient current exhibits an increase typical of the
formation of a space charge within the polymer bulk. The
formation of such a space charge (in the case of a
heterocharge) usually leads to field reinforcements in the
vicinity of the interfaces with electrodes.

At 300 °C and 350 °C, the formation of this space
charge occurs for lower fields (2400 kV/cm and 2000
kV/cm respectively). Moreover, in these cases where both
temperature and field are very high, the abnormal currents
end by the breakdown of the PA-HT films after only 100-
150 seconds.

3.2 CURRENT-FIELD CHARACTERISTICS

Figure 4 shows the conduction current density
(extracted from the steady state region) versus electric field
in PA-HT for different temperatures between 200 °C and
350 °C.

It is possible to observe on these curves the occurrence

of two main conduction regions: (i) a quasi ohmic
conduction region and (ii) a strong non-linear region where
the current increases quickly with the electric field.

Table 1. Evolution of the exponent # of the Curie-Von Schweidler law
(eq. (1)) with field and temperature.

Valucs of the exponent n

(Plii/l;lcm) 200 °C 250 °C 300 °C 350 °C
50 - 0.030 0.017 0.170
100 - 0.073 0.023 0.191
200 - 0.175 0.069 0.136
400 - 0.369 0.205 0.157
500 - - - -
600 5 & - 0.118
800 - 0.349 0.241 0.204
1000 - - - 0.167
1200 - - - 0.198
1600 0.339 0.184 0.128 0.098
2000 0.264 - - SC+BD
2400 0.348 0.190 SC+BD -
3200 0.281 SC - -
3600 0.125 - - -




SC: space-charge abnormal current; BD: breakdown.

The threshold field is near 1000 to 1500 kV/cm for all
the temperatures. As discussed above, the super non-linear
region at very high field can be easily attributed to space-
charge limited currents (SCLC) phenomena supported by
the presence of abnormal currents during the transient
phase. Moreover, the slopes of the j-F' curves (slope >2) are
in agreement with the SCLC mechanism. Recently, we have
reported such kind of electrical conduction in thin
polyimide (PI) films in a similar temperature range
highlighting the complete characteristic of SCLC [10]. In
the case of PI films, the transient currents are also
characterized by the occurrence of abnormal currents [11],
as in the present study.
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Figure 4. Conduction current density versus electric field of PA-HT for
different temperatures.

In the case of PA-HT, as we have only observed the
beginning of the super non-linear region (slope >2) of the
conduction currents, in the following we will only focus
and discuss the conduction mechanisms in both the ohmic
and low injection field regions (slopes of +1 and +2).

3.3 CONDUCTION MECHANISM STUDY

Among the macroscopic theories describing the
injection phenomena from the metal contact, the Schottky
theory is the more advanced up to now to describe how a
charge is introduced in dielectrics with the help of
temperature and field. The Schottky model describes the
field dependent lowering of the triangular potential barrier
for thermoionic injection [12,13]. In this case, the charge
injection from the electrode into the insulator is governed
by the relation:

. 2 ¢<| _/j\/F
J= AT exp —‘i\;—— (2
with PR 3)
N doe €

where App 1s the Richardson-Dushman’s constant, k is the
Boltzmann’s constant, fs is the Schottky’s constant, ¢, and
gy are respectively the dielectric constant and vacuum
permittivity, ¢ is the electronic charge, ¢, is the effective
work function between the Fermi level of the electrode and
the conduction band of the insulator in the absence of field
(F=0).
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Figure 5. Ln j-F'” plot for different temperatures. Solid lines represent
the best fits in the linear regions.

Figure 5 presents the plot of In j versus F' of the
conduction currents below the threshold field for the
different temperatures. Between 200 °C and 350 °C, the
results can be fitted by straight lines given by Eq. (2). A
mean to validate if the Schottky effect is involved in the
conduction process for the temperature and field ranges
under investigation is to compare the dielectric constant
evaluated through the slope g /k, T of each straight line

with the theoretical value for PA-HT.

The values of the dielectric permittivity ¢, obtained
from the straight lines are given in Table 2. These
permittivity values have to be compared with the theoretical
high frequency dielectric constant &,.,~2.4 of the PA-HT
thin films in the same temperature range [7]. Strong
deviations of &, from the theoretical permittivity value
would lead to exclude a pure Schottky injection mechanism.
Between 200 °C and 350 °C, the derived values of g, are in
the range from 2.74 to 6.43. These values are largely higher
than &y, of PA-HT. The ratio , = £ €, corresponds to the
field-distortion factor in the vicinity of the injecting
electrode induced by the charge pile-up [14]. This
dimensionless parameter corresponds to the presence at the
interface contact of a homocharge if y<l and a

heterocharge for , > [15]. In the present case, the field-

distortion factor is in the order of 0.88-0.37, i.e. below from
1 which leads to highlight homocharge field distortion
below the threshold field. It is interesting to observe that y
decreases with incresing temperature leading to show an
increase of homocharge injection. Moreover, an increase of
the effective work function ¢, has been obtained with
increasing temperature from the fits at zero-field intercepts
which is contradictory with theory. All these results allow



reasonably excluding the participation of the Schottky
effect in the electrical conduction of PA-HT.

Let us notice that far beyond the threshold field
(>>1500 kV/cm) the slopes have indicated a change in y > |
corresponding to a progressive switch from a homo space-

charge to a hetero space-charge (not presented here), in
aggreement with the abnormal currents shown in Figure 3.

Table 2. Physical parameters obtained from the fits with the Schottky and
Poole-Frenkel models.

Temperature 200°C  250°C  300°C  350°C
B x10* (I m'"? v'?) 3.676 3179 2.674 2.398
_ & (from BgkT) 2.74 3.66 5.17 6.43
j::; Ys=Euneol & 0.88 0.66 0.46 0.37
2 ¢y (cV) 1.79 1.91 1.97 2.07
5 B & (from BpikT) 1094 1462 2067 2571
g E YPI=EmeoEr 0.22 0.16 0.12 0.09

Among the bulk conduction theories, the Poole-Frenkel
model describes how ‘electronic-type’ carriers are released
from neutral donor or acceptor levels (i.e. ionized donors or
acceptors) when the coulombic potential barrier is lowered
by the applied electric field [13,16]. The carriers are then
states) correspond also to recombination sites charged when
no carrier is trapped there. In this case, the current density
in the insulator containing shallow traps is given by:

j=j exp| - Do, = /3mr‘/F 4)
N 0 kT
with B = - _ap, (5)
TE L E

r<o

where j, is the pre-exponential current density, ¢pgy 1s the
trap barrier height when F=0 and fp; is the Poole-Frenkel’s
constant which is twice the Schottky one.

The slopes of In j versus F"? in Figure 5 for the
different temperatures yield to values of &, between 14.62
and 25.71 largely outside of the expected range close to 2.4
(see Table 2). Such strong deviations allow excluding a
Poole-Frenkel conduction as well. The Schottky and Poole-
Frenkel conduction models produce unrealistic and
significantly higher values of the dielectric constant of PA-
HT, which can indicate the development of homo-type
space-charge at the electrodes below the threshold field.
However, the data obtained in this study does not follow
ideal SCLC behavior and this deviation may be explained
by the influence of trapping.

‘Hopping’ refers to transport mechanisms that do not
involve the conduction band for electrons (or the valence

band for holes) [Tess05]. Since variable range hopping
(VRH) conduction cannot be involved at high temperature
by tunneling effect from one state to another [17,18], in the
following, the conduction current results are thus analyzed
and interpreted on the basis of the thermally assisted
hopping (TAH) conduction theory. In TAH model, the
transport is controlled by neutral traps. The carriers
(electronic-type or ions) gain energy through random
thermal fluctuations or phonon interaction to escape their
localized state, overcome the potential barrier, travel in an
extended state for a small amount of time before being
recaptured by another localized state [17]. The theoretical
current for TAH is given by [18]:

(6)

; U\ .  (qgAF
=2gNAv exp| —— |sinh
J= p( kT) ( 2kT )

where N is the free carrier density, A is the apparent
hopping jump distance between two active traps, v is the
vibration frequency of carriers and U is the average trap
depth (F=0). Under the assumption of high field
approximation (qAF>>2kT), Eq. (6) can be written as

io“OWS:
AJ'
j‘ _] CXp(q ) ( )

24T

where j, is the zero-field current density given by:
Jo =2gNAvexp - (8)
kT

Figure 6 presents the plot of In j versus F of the
conduction currents below the threshold field for the
different temperatures. Between 200 °C and 350 °C and in
the high field region, the results can be fitted by straight
lines given by Eq. (7). The slope of the straight lines gives
the hopping jump distance 4.
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Figure 6. Ln j-F plot for different temperatures. Solid lines represent the
best fits in the linear regions.

The wvalues of the hopping jump distance are
summurized in the Table 3. The value of 4 ranges from 16



A t0 29 A with increasing from 200 °C to 350 °C. However,
the hopping distance exhibits saturation from 250 °C.

Table 3. Hopping jump distance versus temperature.

Temperature 200 °C 250 °C 300 °C 350 °C

A (A) 16 24 27 29

Those values of 4 are in good agreement with data
obtained by Kahouli er a/ in another type of parylene films
[19]. However in their case, as in other polymers, an
increase of 4 with increasing temperature is observed
[20,21]. The origin of such an increase of the hopping jump
distance remains sometimes misconceived.

In polymers with ionic hopping conduction, Kosaki et
al have reported earlier that the glass transition plays an
important role in the increase in 4 [20]. They described that
the configuration of the polymer chains in the amorphous
phase constitutes large potential barriers trapping neutral or
charged particles. Below the glass state, where the motions
of the main chains are frozen, the migration of carriers
(particularly ions) can be blocked by very high barriers
introduced by the crystalline regions. In the glass transition
region, micro-Brownian motions are liberated gradually and
the high potential barriers which restricted the migration of
ions may disappear or change their position temporally or
spatially. Therefore, the elongation of the hopping jump
distance may be associated with the effective evanescence
of the high barriers [20].

On the contrary, in polymers with electronic-type
hopping conduction (i.e. crystalline ones), electrons move
rapidly through lamella and in free volume around lamella
surfaces, while holes move rapidly through lamella and
along lamella surfaces. Therefore, the amorphous regions
act as transport ‘blockages’ for electronic carriers and
electronic charge transport appears as a structured process
on the sub-micron scale [22].

Most of the polymers (amorphous or crystalline)
exhibit hopping jump distances from less than 1 nm up 20
nm with among them a large amount ranging from 1 to 6
nm. So, it is difficult to conclude definitively on the nature
of the charge carriers only on the basis of the hopping jump
distance value. However, general tendencies can be drawn:
(7) in the case of ionic hopping, 4 sharply rises near the
glass transition (7,) to reach larger values of several nm up
to >10 nm; (ii) for electronic hopping, it seems difficult to
envisage charge travelling along very large distances (>10
nm) due to the need for charges to hop in an organized
molecular structure, moreover, the development of free
voids (due to 7,) should act as barrier against such kind of
hopping; (iii) for A values ranging 0.5-2 nm, it is
complicated to conclude since such distances correspond
both to the size of lots of monomer units and distances
between chains (i.e. interplanar distance between two
lamellae in the crystalline phase or parts of free-volume in
the amorphous phase).
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Figure 7. Reciprocal temperature dependence of the DC conductivity
measured by dielectric spectroscopy under low AC fields (a) and of In j for
different high DC fields (b). Solid lines represent the best fits.

In the present case, the hopping jump distances 4 are in
a range where it is difficult to conclude without
complementary analyses.

To support electronic-type hopping (i.e. structured
transport), it is necessary to look at both the dimensions of
the PA-HT monomeric units and the distance between
parallel lamella in the crystalline phase. Park er al have
reported in similar parylene F-type that the material owns a
triclinic configuration unit cell containing one monomer
with dimensions of a=5.36 A, b=5.92 A, ¢=6.57 A (chain
axis) [23]. These unit dimensions are independent of the
material phase (amorphous or crystalline). Moreover, in our
previous works for annealed PA-HT films, an interplanar
spacing between lamella (in the crystalline phase) of 4.3 A
has been reported [6-8]. Those values are largely lower than
the hopping jump distance. This could exclude an
electronic-type hopping due to incompatible (from a
theoretical point of view) intramolecular or intermolecular
transport distances. Moreover, the predictions to be in
presence of a homo-space-charge near the electrodes
support this assumption. However, before to conclude
definitely on the absence of this kind of transport it will
deserve complementary analyses such as space-charge
measurements.

On the other hand, to support ionic-type hopping a
discussion regarding the hopping distance needs to be done.



Indeed, semi-crystalline PA-HT films present a low glass
transition temperature ranging 16 to 100 °C [7]. In the
present case, all the measurements are performed above T,
and it is observed a slight increase of 1 between 200 and
250 °C and then its saturation up to 350 °C. This result is in
agreement with those of Kosaki er a/ in PVC and Amborski
in PET where 1 saturates well above T, [20,29]. PA-HT
films seem presenting the same feature characteristic of
ionic-type hopping insulatings.

In order to identify potential origins of ionic species
responsible of the hopping conduction, it is necessary to
look at physico-chemical analyses of the material and its
interfaces. In fluorinated parylenes, Senkevich et al showed
by XPS that broken C-F bonds and the formation of the
metal-F bonding may be the source of fluorine diffusion in
metal electrodes, such as Al and TaNy [24]. They also
showed that a metal-oxide overlayer (Al,O3) can stop
fluorine diffusion in the metal. Shi er al observed in Teflon
very little defluorination even with noble metals (Au and
Ag) with the formation of AuF, bondings [25]. Based on
these results, Kahouli er a/ have recently evocated that
fluorine species could be at the origin of high temperature
space charge relaxation in parylene AF4 due to
defluorination with reactive metals [26]. Probable trapping
and detrapping of fluorine anions (F') inside the material at
the interfaces could occur. They estimated a hopping barrier
height for the conduction near 1.20 eV from AC
conductivity measurements, which they attributed to F
transport. Earlier, other work of Félix-Vandorpe et al
reported on polyvinylidene fluoride (PVDF) also
highlighted the localization of fluorine under the electrodes
when the material is subjected to an alternating voltage of
low amplitude at temperatures from 100 to 130 °C [27].
They as well have observed (through retrodiffusion
experiments) that F~ anions driven by the field are extracted
out of the bulk through the metal electrodes. Thus, they
have excluded their blockade at the interfaces and their
contribution to space charge, contrary to Kahouli’s
conclusions. However, they involved second ionic specie
(H") which could be blocked at interfaces and so could play
a key role in the conduction to fully explain their electrical
results. Indeed, the activation energy they found (1.2 eV)
corresponds perfectly to the sum of those of the carrier
density and mobility for H' ions, which was not the case for
F~ anions. All these works show the presence of F~ anions
and probable H' protons near the metal-polymer interfaces
and their effects (under AC fields) on the hopping
conduction in various fluorinated polymers.

Figure 7 presents the Arrhenius plots of the DC
conductivity (extracted from AC measurements at different
low fields, not shown here) and of the DC conduction
currents for different DC fields. From the slopes of the
different fitted curves, a field-dependant activation energy
is obtained corresponding to the evolution of the hopping
barrier height (or trap depth) when this latter is lowered (see
Figure 8). It is observed that when the field is close to zero
(AC measurements), the hopping barrier height reaches
value above 1.5 eV corresponding to very deep traps typical
of ions [ref]. Such barrier heights are slightly higher than

those obtained for F~ ions hopping in PA-AF4 films [26]. In
the present case, this can be explained through the fact that
the PA-HT films have been annealed before measurements
in order to increase the crystallization rate and stabilize
their electrical properties at high temperature. Actually, we
reported earlier that such a curing allows strongly reducing
the Maxwell-Wagner-Sillars bulk interfacial polarization
[7]. Consequently, the mobility of charge carriers in the
amorphous phase was reduced. In Figure 7b, at higher
electric fields, the slopes of the fits performed on In j(1/kT)
corresponds to the apparent hopping barrier height when
this latter is distorted by the field. The obtained slopes still
decrease with field increasing showing the decrease of the
barrier height that ions have to overcome to be detrapped.
As the field increases up to 1000 kV/cm, the barrier height
is progressively reduced down to 0.80 eV with a good
continuous tendency curve between the two ways of
measurement. Considering that the hopping jump distance
is constant in the range 200-350 °C (see Table 3), it seems
that the increase in the conduction current magnitude is
preferentially due to charge carriers multiplication in the
conduction band (due to hopping barrier reduction) and not
to an increase of their mobility.
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Figure 8. Evolution of the hopping barrier height in PA-HT with the
applied electric field.

3.4 PA-HT THICKNESS EFFECTS

Figure 9 presents the PA-HT thickness effect on the
conduction current density versus electric field at 300 °C
and 350 °C. It is shown that the thickness effect is not
significant. This is most probably due to the VDP process
that does not require any solvent. This confirm that in this
field range (below the threshold field), the measured
currents for the 1.2 and 4.9 pm films are not due to SCLC
phenomenon (heterocharge) for which the current density
must be proportional to the inverse of the film thickness.
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Figure 9. Effect of the PA-HT thickness on the conduction current
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3.4 POLARITY EFFECTS AT HIGH FIELD

Figure 10 presents the effect of the electric field
polarity on the conduction current density at 200 °C and in
the very high field range.
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Figure 10. Effect of the electric field polarity on the conduction current
density in PA-HT (1.2 pm) at 200 °C in the very high field range. The
inset figure shows an example of the transient currents at 3200 kV/cm for
the two polarities.

Whereas an independence of the polarity was observed
below 1500 kV/cm, a difference in the current density is
observed at fields higher than 1600 kV/cm and the positive
gold polarization electrode shows a lower current density
than stainless steel one. Since the gold owns a higher work
function (5.1-5.4 eV) than stainless steel (4.4 e¢V), and if
electrons were the main contributing carriers, a higher
current should be observed when the gold electrode is
positively polarized (anode). However, in the present case,
an opposite behavior is observed indicating that the holes
contribution to the injection at very high field is very
significant. Such implication of a hole injection has also
been reported in non fluorine parylene [28] and in many
others fluorinated polymers as well [30.31]. It has been
demonstrated that the polarity of dominant carriers changes
from negative to positive as the fluorine substitution
increases. Fluorine atoms are electronegative and they may

provide deep electron traps, which suppress the current due
to negative carriers and can explain why positive carriers
dominate the current in fluorinated parylene for electric
fields higher than 1500 kV/cm. This suggests that better
insulation at high field can be obtained by using electrodes
with lower work functions.

5 CONCLUSION

The electrical conduction of fluorinated parylene (PA-
HT) was investigated at high temperature in the range from
200 to 350 °C, for electric fields between 50 and 3600
kV/cm and for thicknesses from 1.2 to 11 um. A decrease
in the current during the bias time was observed and was
related to slight dipolar orientation. Steady-state currents
were investigated by assuming different conduction models.
The thermally assisted hopping (TAH) mechanism appears
as the most probable conduction model for fields up to the
threshold (1500 kV/cm). Based on the analysis of the
hopping jump distance and its evolution versus temperature,
an ionic hopping conduction could be the most adequate
origin to describe our results. A discussion on the nature of
the ionic carriers is carried out. The activation energy of
hopping conduction is field dependent and decreases with
field increasing indicating the progressive detrapping of the
carriers. The film thickness shows a good correlation with
previous works. Finally, the electrode effects at high fields
(>1500 kV/cm) shows lower conduction currents when the
electrode owning the higher work function is positively
biased indicating that positive carriers (holes) are the main
contributors to the injection current.
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EXHIBIT B

PARYLENE HT FOR ELECTRET GENERATORS

Hsi-wen Lo and Yu-Chong Tai
California Institute of Technology, Pasadena, California, USA

Abstract: The use of parylene HT as an electret material is presented. As other parylene variants,
deposition of parylene HT is a room-temperature chemical vapor process and parylene HT is
MEMS/CMOS process compatible. Compared to Teflon AF, PTFE and CYTOP, parylene HT has much
superior charge densities. After corona charging, the highest charge density observed is 3.69 mC/m?,
equivalent to a surface potential of 204.58 V/um. A micro power generator with metal rotors and parylene
HT electret is developed. The power output is 5.6pW at 50Hz with an external load of 100M.

Key Words: micro power generation, energy harvesting, polymer electret, parylene HT

1. INTRODUCTION

Energy scavengers that can harvest waste
energy from ambient resources such as natural
vibrations, human motions, equipment vibrations
and so on have received attention of many
researchers in the last decade.

Generally, energy scavengers use two methods
to harvest energy from linear vibrations. A
piezoelectric harvester uses piezoelectric material
to convert strain in the spring into energy [1. 2, 3].
An electromagnetic generator harvests energy by a
magnet attached to the proof mass inducing
voltages in a coil during linear motion [4, 5].

Most published energy scavengers that harvest
energy from linear motions have structures of
spring and proof mass. These energy harvesters
inherently have resonant frequencies and thus
certain narrow bandwidth around the mechanical
resonant frequency, while natural harvestable
vibration power spectrum usually spans from low
to ~100 Hz with higher energy in the low
frequency end.

To overcome this problem and harvest energy
in the low frequency range, new energy harvesters
without spring—proof-mass structures has emerged
as a solution [6].

2. DESIGN OF ELECTRET GENERATOR

Boland et al developed the first design of micro
electret power generators without spring proof
mass structures [6, 7]. A capacitor-like structure
was employed, as shown in Figure 1. Since then,
almost all electret power generators use the same
design [8. 9]. Power generators taking such

designs inevitably have internal
impedance in addition to external loads.

From Boland et al [7] and Tsutsumino et al [8],
the maximum power output can be given as

T dA(1) @))
46,8, [ £18 dt
d £,d

Where €, €, are dielectric constants of electret

capacitive

Pyax =

and air respectively, &, is vacuum permittivity, g

is gap distance between top rotor and electret and
d is the thickness of the electret. From this
equation, the maximum power decreases as the
gap distance increases. That said, careful and
precise gap control is required to achieve high
power output.

To eliminate hassles and complexity of gap
control, we demonstrated a design that puts two
output electrodes on the stator, electret material is
applied on the stator and the rotor is a piece of
metal to couple both electrodes [10]. Both the
rotor and stator are pieces of glass with patterned
electrodes and the power is generated when there
are relative motions between these two plates, as
shown in Figure 2.

However, one drawback of that design is the
difficulty to control the movement of the top rotor
plate and to keep it in contact with the stator plate
during motions. To overcome this, we developed a
new design that the rotor is a metal block confined
within an external acrylic container. Meanwhile,
the metal rotor can keep in contact with the stator
all the time by the gravity of the metal mass itself
and the coulomb attraction force between charges
on the rotor and stator. Figure 3 shows the
packaging schematic.
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3. POLYMER ELECTRETS

Many materials have been explored for the use
as electret. Hsieh et al demonstrated MEMS
electret microphone using Teflon AF [11]. Later
on, Boland et al developed a Teflon AF electret
power generator [6]. CYTOP was first introduced

to micro power generator by Tsutsumino et al [12].

Sterken et al demonstrated a generator using
oxide/nitride as electret [9]. Among these explored
materials, CYTOP is reported to have highest
surface charge density. 2.8mC/m’ [12].

From Equation 1, the maximum power output
of an electret power generator is proportional to
the surface charge density squared. Therefore, it is
desirable to find an electret material with high
surface charge densities. Specialty Coating
Systems introduced a new parylene variant, SCS
Parylene HT, shown in Figure 4. Like other
parylene variants, parylene HT is deposited via a
room temperature chemical vapor deposition
(CVD) process.

To implant charges onto parylene HT surfaces,

corona charging technique is employed. The
optimized corona charging conditions are listed in
Table 1. Automatic isoprobe surface potential
measurement equipment is used to measure the
distribution of the surface potential of parylene
HT.

Figure 5 shows the distribution of surface
potential per micron of parylene HT. The highest
surface potential observed is 204.58 V/pm,
equivalent to a surface charge density of 3.69
mC/m’.

Figure 4.

Coating Systems.
Base current 0.02 pA
Grid current 0.2 pA
Substrate 100 °C
Temperature
Charging time 60 minutes

Table 1. Optimized corona charging conditions

parylene HT on glass
40

35

304

ars0
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a7
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voltage/um

mm

mm
Figure 5. Distribution of surface potential per
micron of 7.32-um parylene HT film after corona
charging.

4. DEVICE FABRICATION

The device fabrication starts with soda lime
glass wafers. 2000A Au and 100A Cr are
thermally evaporated and patterned as the power



output electrodes via conventional
photolithographic processes. The electrodes are
5mm by 5mm with 2mm spacing for each cell.
Next, the glass wafer is diced into
30mm-by-30mm stators. After dicing, 7.32-pum
parylene HT is deposited on the stator. Similar to
parylene C and other parylene variant, parylene
HT is deposited via the room temperature CVD
process. After deposition, corona charging is done
to implant charges on parylene HT. Optimized
conditions are listed in Table 1.

The rotors are CNC-machined to be 4.5mm by
4.5mm by 2mm (L by W by H) brass blocks. The
container is also CNC-machined out of acrylic
material. The final assembled device is shown in
Figure 6.

5. POWER GENERATION

The generator assembly was mounted onto a
CNC-machined acrylic stage that is fixed to the
electrodynamic shaker. All necessary wires were
soldered. Power generation experiments were
performed using a Labworks Inc. ET-132-2
electrodynamic  shaker, which was driven
sinusoidally by a HP33120A function generator
through a power amplifier. The acceleration of the
power generator was measured using an
Endevco256HX-10 accelerometer. The micro
electret power generator was connected to a
resistive load. In order to measure large output
voltages, a simple two-resistor voltage divider was
used as the load. The output voltage was
measured through a National Semiconductor
LF356N op-amp, which is a 10"-ohm input
impedance voltage buffer. The shaking amplitude
is defined by the external packaging container. For
this device, the shaking amplitude is 2mmy,,. The
frequency is varied from 10Hz to 70Hz and the
load resistance from 50Mohm to 2000Mohm.
Figure 7 shows power output as a function of load
resistance and Figure 8 shows power output as a
function of frequency. Due to the capacitive nature
of the device, there is an optimal load for the
optimal power generation. Experimentally, it is
found to be 100-200 M, in good agreement with
our theoretical prediction. Using the optimal 100
MQ load, a maximum power output of 5.6uW at

S0Hz with a sinusoidal-like waveform is produced.

Time traces of output voltage are shown in Fig 9.

rotor and assembled devices.
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Figure 7. Power output versus frequency
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One important issue of our generator is tearing
and wearing problem. After testing, the surface of
parylene HT was scratched by the rough surface of
poorly-machined brass rotor blocks. The surface
potential decreased, too.
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Figure 9. Time traces of voltage output

Figure 10. Surface and surface potential of
parylene HT before and afier testing.

Figure 10 shows the surface of parylene HT and
the distribution of surface potential before and
after testing. The surface potential dropped from
100V/um to around 60 V/um. This problem can be
prevented by carefully polishing the surface of
rotor blocks after machining processes.

6. CONCLUSION

We demonstrated an improved electret micro
power generator. This generator used metal as
rotors and both the output electrodes were placed
on the stator. With a CNC-machined external
packaging container, movement of rotors was
confined within fixed ranges.

For the first time, Parylene HT was used as an
electret material. Charges were successfully
implanted onto parylene HT surfaces via corona
charging. The highest surface charge density

observed is 3.69 mC/m’. The maximum power
output of this generator is 5.6uW at S0Hz with an
external load of 100MQ.
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ABSTRACT

In this paper, we present a small (25x25x3 mm?) power module that integrates two silicon-carbide (SiC) JFETs to
form an inverter leg. This module has a “sandwich” structure, i.e. the power devices are placed between two ceramic
substrates, allowing for heat extraction from both sides of the dies. All interconnects are made by silver sintering, which
offers a very high temperature capability (the melting point of pure silver being 961 °C). The risk of silver migration is
assessed, and we show that Parylene-HT, a dielectric material that can sustain more than 300 °C, can completely coat

the module, providing adequate protection.

Keywords
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1 Introduction

Silicon Carbide (SiC)-based power devices can in theory
operate at very high temperatures (in some cases more
than 1000°C, [1]). In reality, many elements (passiva-
tion, metal contacts, oxide reliability...) set the maximum
temperature of a SiC die to a much lower value, usually
200400 °C, depending on device. Among the existing
SiC power devices, the vertical Junction Field Effect Tran-
sistor (JFET) is suited to “high temperature” (300 °C or
more) operation [2].

However, although this device was found to withstand
continuous operation at 300 °C, that does not mean that it
can operate with limited cooling: as was shown in [3], SiC
JFETs must be provided with sufficient cooling (2-4 K/'W
or less) to prevent thermal runaway. There is, therefore,
a need for a high temperature package with low thermal
resistance.

Double-side cooling, a technique in which heat is re-
moved from both sides of a die, is attractive. It is often im-
plemented in the form of a “sandwich™ structure (the die
is clamped between two ceramic substrates) [4]. This has
the additional advantage of resulting in lower inductance
than with classical (wirebonded) power modules [5].

Among the many high temperature bonding solutions
[6] that could be uscd for the assembly of a sandwich

structure, silver sintering is particularly attractive: “low
temperature” process (less than 300°C), lead-free, high
thermal conductivity (more than 100 W/m.K). It has, how-
ever, one major issue: the risk of silver migration [7].
When operating at more than 100 °C, in presence of oxy-
gen and with an electric field, silver atoms tend to mi-
grate and to form conductive filaments across clectric po-
tentials, eventually resulting in short circuits.

In addition to this silver migration risk, many other is-
sues had to be addressed to produce a high-temperature
capable, silver sintered sandwich power module.

» The SiC JFETs have relatively fine patterns, so an
accurate etching process was developed to produce
the ceramic tiles, and care was taken regarding the
alignment of the parts during the assembly.

« The top metallization of the dies (aluminium) 1s not
compatible with silver sintering, requiring a dedi-
cated preparation process.

» The thin layer of silver cannot provide much com-
pensation for any difference in height when several
devices are to be assembled in the same sandwich,
so the thickness must be well controlled.

The solutions developed to tackle these issues are pre-
sented in this article. In the first section, we present the



Figure 1: 3-D view of the “sandwich” structure, with two SiC
JFET in half-bridge configuration. The ceramic tiles measure
12.7x25.4 mm? each.

Alumina
0.16 mm

Figure 2: Up-to-scale cross section of the sandwich module
around the SiC die (here a 2.4x2.4 mm? die) showing the rel-
ative thicknesses and spacing between the copper tracks. The
alumina thickness is 0.635 mm, and that of the sintered-silver
layer ~ 0,025 mm.

sandwich structure. In the second section, the silver mi-
gration risk is assessed, and a solution is proposed to miti-
gate said risk. Finally, we present the manufacturing steps
we used to produce working sandwich modules.

2 The ”’sandwich” structure

A 3D concept view of the sanwich module described in
this paper is visible in figure 1. This module contains two
SiC JFETSs (SiCED, 1200 V), to form a half-bridge struc-
ture. The body diode of the JFETS is used so no external
diodes are needed. Modules were made with two die sizes
(2,4x2.4 mm? and 4x4 mm? dies), requiring a dedicated
set of DBC (ceramic) tiles for each die size, as they have
different patterns.

A dual-step etching process comparable to that used
in [8] is needed to produce the DBC tiles. This is depicted
in figure 2: the inner copper layers have some protrusions
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Figure 4: Time before a short circuit appears between the elec-
trodes of a test sample as a result of silver migration, for an
ambient temperature of 300 °C, depending on the clectric ficld
applied, and for two sets of samples: unprotected (blue dots),
and coated with a 20 um layer of parylene HT (yellow triangles).

where a contact is required with the die, and are thinner
elsewhere. This keeps the copper conductors away from
the edge protections of the die, which is required to main-
tain its blocking voltage capability.

Alumina-based DBC substrates were selected for this
module based on cost considerations. Silicon Nitride,
however, might prove to be a better option from a reli-
ablity point of view. No specific finish was applied on
the copper layers, as silver sintering was found to work
(albeit not optimally) on bare copper [9]. Here again, a
better option might be a gold or silver-based finish (the
exact composition will depend on the sintering paste).

3 Silver Migration

The silver migration phenomenon is described in [7]. Ba-
sically, it is related to the silver oxide becoming unstable
at high temperature. To assess the extend of the issue,
we manufactured special test samples, consisting of two
silver electrodes stencil-printed on an alumina substrate.
A photograph of some test samples is given in figures 3a
and 3d, for an inter-electrodes gap of 1 mm (various gap
values were investigated, from 0.5 to 2 mm, see [10]).
The test samples were placed in a forced-convection
oven, with a voltage bias (up to 1100 V. using a Keith-
ley Source and Measure Unit — SMU - 2410). Up to 10
samples were tested simultaneously, using a high-voltage
switch system (Keithley 7001 with 7154 switch card).
Periodically (every 15 mn), the leakage current of each
test sample was measured. When this current exceeded
a given value (100 pA), the corresponding test sample
was disconnected and the test resumed with the remain-
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Figure 3: Pictures of some of the test samples, before the test (a) and (d), and after (b) and (e) respectively. An enlargement of
(b) can be seen in (c), while an electron microscope view from another sample is visible in (f). It can be seen that the pattern and
coverage of the silver deposit vary widely. All samples presented here have a 1 mm gap between electrodes

ing samples. The test was stopped once all test samples
had failed, or after the test had run for 1000 h.

Tests were run for different gap sizes, different ambient
temperature (from 250 to 300°C, different voltages (230
to 1100 V). In most cases, milver migration was observed
in less than 1000 h. The migration patterns are quite dif-
ferent from one sample to the other, as can be seen in fig-
ures 3b (close-up in 3c¢) and 3e, all coming from the same
test batch. A close-up view of a different sample, using
a scanning electron microscope, shows the “dendritic” as-
pect of the silver filament.

The time before failure as a function of the clectric ficld
(voltage difference between the electrodes divided by the
gap), at 300 °C ambient, is plotted with blue round dots in
figure 4. As can be seen, the time before failure is fairly
short, from less than 100 h (1E-2 h™ ") up to 1000 h (1E-
3 h Y, for electric field levels that can be experienced
within a real power module (less than 1000 V/mm).

As described above, silver migration occurs in the pres-
ence of oxygen. To prevent migration to occur, an idea is
therefore to coat the silver layers with an oxygen barrier.
Parylene HT (SCS Coatings) was found in [11] to be a
good oxygen barrier and to be able to withstand long-term
operation at 300 °C. Furthermore, parylene has a vapour-
phase deposition process that results in uniform and con-
formal coating, even on complicated shapes, as we will
show later in this paper.

Test samples with a 20 pm layer of parylene HT were

submitted to the same test conditions as the un-coated
samples (300 °C ambient). The corresponding times-to-
failure are plotted with yellow triangles in figure 4. A dra-
matic improvement can be observed with most samples
matching the 1000 h parameter without failure. One test
sample was found to fail at 134 h for a 1578 V/mm field,
which is probably related to a manufacturing default.

As a consequence, Parylene HT can be considered as
a suitable material to mitigate the risks associated with
silver migration. It is important to note that the tests pre-
sented here constitute a worst-case configuration, with sil-
ver uscd as the electrode material. The clectric field actu-
ally experienced by a sintered silver die attach should be
lower.

4 Module Manufacturing

The various parts of the sandwich module are visible in
figure 5, for both designs (one set for 2.4x2.4 mm? dies,
another for 4x4 mm?® dies): two DBC tiles, two JFET
dies, and one small copper spacer. The DBC tile with
the source and gate patterns (left) will be referred to as
“source” substrate, and the other one as the “drain” sub-
strate.

The manufacturing process can be summarized as fol-
lows:

« Etching of the DBC substrates: as the accuracy re-
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Figure 6: 2-level etching process to produce the DBC tiles.

Screen printing 2- Mounting in

alignment jig

Result

b

)W_

3- Die-alignment jig,
dies and spacer placing

8 - Second sintering step

5 - Removal of die-
alignment jig

'

4 - First sintering step

6 - Screen printing on

7 - Mounting in WAt
8 drain" substrate

alignment jig

Figure 7: Assembly workflow, showing the ceramic jigs used to ensure a proper alignment of the parts. During the sintering steps,
a piece of ceramic is placed over the parts for pressure distribution.

Figure 5: Two sets of parts (one for the 2.4x2.4 mm? JFET
dies, one for the 4x4 mm? JFET dies) before assembly. A set
comprizes two ceramic tiles, two JFETs and one spacer.

quired (see figure 2) exceeds the design rules of the
DBC manufacturers we know, a custom etching pro-
cess was developped;

+ Die topside metallization: the JFETs have an alu-
minium topside metal, suited to wirebonding but not
to silver sintering. A plating step is therefore re-
quired to cover the aluminum with another metal (sil-
ver);

» Assembly, using silver sintering.

 Parylene HT coating of the module

4.1 Etching of the DBC substrates

As described in section 2, a two-level etching process was
required to create some copper protrusions to connect the
dies. This process is described in figure 6: First, a pho-
tosensitive resin (MC dip coating, microchemicals) is ap-
plied on a plain DBC board by dip coating (6 mm/s with-
drawal speed, 5 mn drying at 100 °C in an oven). Itis then
exposed to UV light (Quintel Q-2001 CT mask aligner,
200 W mercury lamp, 90 s) through a mask and developed
using ma-D 331 (micro resist technology). The exposed
copper is etched half-way through using ferric chloride (6
minutes using a spray etcher).

After cleaning, the substrate goes through a second
resin coating/exposure/development process. However,
because of the features now present on the copper, the
resin layer was found not to be uniform enough: the crests
of the protrusions only have a very thin layer of resin,
not sufficient to protect them from the ferric chloride.
Therefore, an additional layer of photosensitive material
(Dupont PM275 photosensitive dry film) is laminated on



Alumina

Figure 9: Cross section of a test assembly (no dies, poor control of copper etching and silver sintering) showing that the parylene
HT coating is uniform over the entire sample, even in the most intricate cavities..

Figure 8: The module after assembly

top of the substrate (step 4a in figure 6), exposed and de-
veloped (using a 1% wt NayCOj3 solution).

Finally, a second etching step is performed (9 mn),
the photosensitive materials are removed in acetone, and
the substrates are cleaned and singulated (using a disco
DAD3220 wafer saw).

Overall, the copper features are found to be within
50 um of the desired dimensions, which is satisfying.

4.2 Plating of SiC dies

The JFET dies are mounted in a stainless-steel mask with
openings matching their topside layout. The alignment
is provided by pockets managed in the mask (DB Prod-
ucts). The mask and dies are then placed in an electron-
gun evaporator (EVA300), for the deposition of Ti and Ag
(200 nm).

4.3 Assembly

The assembly process is described in figure 7. The
two sintering steps are performed using Heraeus LTS-
11702P2 silver paste. First, a 50 um-thick layer of sil-
ver paste is stencil-printed on the substrate. Then a short
5-minute drying at 85°C is performed to prevent the sil-
The
parts Lo join are put in contact, using some alignment jigs
(laser cut alumina), and placed on the heating platen of
the sintering press. A 30 mn, 85 °C drying step is then
performed, followed by a 70 °C/mn ramp and a 30 mn,
240 °C sintering step under a pressure of 2 MPa.

ver paste to flow while keeping some tackiness.

A picture of the resulting module is visible in figure 8.
No cleaning was attempted after assembly, which explains
the clearly visible oxidation marks on the copper. A low
power clectrical characterization showed that the mod-
ule was functional (no short or open circuit) and that no
change in performance of the devices could be observed.



4.4 Parylene coating

Because of time constraints, parylene HT coating was at-
tempted on a non-functional, preliminary assembly with
no dies. A cross section of this test vehicle is visible in
figure 9. It shows that parylene forms a very uniform
layer all over the module, even in the most intricate parts.
Along with the high temperature results from section 3,
this proves that parylene is a very attractive solution for
the encapsulation of high temperature power modules.

5 Conclusion

A “sandwich” structure comprizing only high-
temperature suited elements and materials has been
presented. It uses silver sintering as a bonding material,
and parylene HT to prevent silver migration. The com-
plete manufacturing process, which offers a resolution
compatible with the fine layout of the SiC dies has been
described in details. Short terms developments consist
in high voltage (540 V) tests on parylene-HT-coated
functional samples over the whole temperature range.
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