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Thermally stimulated discharge (TSD) is used to
characterize fractional components of epoxy encapsula-
tion systems used on semiconductor devices. Previous
work is reviewed. Present results b a s e d on individual
components and component interactions are detailed.
Various resin/hardener systems are examined and are
not found to be major contributors to TSD structure
when balanced by epoxy equivalent weight. Catalyst
additions reveal increased TSD structure~ especially
f o r low l e v e l s . TSD is suggested as a cu re i n d i c a t o r
f o r epoxy systems. Mo is tu re is found to reso lve
thermogram st ruc tu re~ and TSD is found to be a v i a b l e
method o f s tudy ing m o i s t u r e e f f e c t s .
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I n t r o d u c t i o n

T h e r m a l l y s t i m u l a t e d d i s c h a r g e (TSD) is a techn ique
used to s t u d y m o l e c u l a r l e v e l e f f e c t s i n d i e l e c t r i c
s u b s t a n c e s . Bas ica l ]y~ the method c o n s i s t s o f a p o l i n g
p rocedu re w h e r e i n samples o f the d i e l e c t r i c a re exposed
to h i g h e l e c t r i c f i e l d s t reng ths a t e leva ted t e m p e r a -
t u r e s . Fo l l ow ing th is the specimens a re a l l o w e d to cool
u n d e r the e f f e c t s o f the a p p l i e d f i e l d . In th is way
charges a re s e p a r a t e d and a re i m m o b i l i z e d w i t h i n the
d i e l e c t r i c m a t e r i a l . Such p e r m a n e n t l y c h a r g e d ma te r i a l s
a re known as e l e c t r e t s . Though hav ing been recogn ized
f o r over f i f t y yea rs , t h e s e a r r a y s o f s e p a r a t e d cha rge
have on l y r e c e n t l y f ound commercial use and a re
p r e s e n t l y used to s t u d y the phys i ca l processes occu r r i ng
w i t h i n the ma te r i a l s i n w h i c h they can be f o r m e d . Th is
is accomplished by t a k i n g c u r r e n t measurements.

Upon subsequent hea t i ng the s e p a r a t e d cha rges
randomize w i t h i n the d i e l e c t r i c and cause c u r r e n t f l ow
w i t h i n a t tached e x t e r n a l c i r c u i t r y . Th is p rocedu re
is c a l l e d d e p o l i n g . The process is summarized i n
F ig . ] w h e r e the p o l i n g and d e p o l i n g appa ra tus is
shown i n separa te b ranches o f the c i r c u i t r y . The
c u r r e n t f l o w , when measured as a f u n c t i o n o f t e m p e r a -
t u r e , is c h a r a c t e r i s t i c o f the d i e l e c t r i c m a t e r i a l
i nves t i ga ted . P a r t i c u l a r ] y ~ thermograms so deve loped
may be used to s t u d y m o l e c u l a r and i o n i c e f f e c t s
occu r r i ng d u r i n g e l e c t r e t d i s c h a r g e .

Prev ious work (1 ) has demonstrated a c o r r e l a t i o n
between l i v e dev ice p e r f o r m a n c e and TSD cha rge s t o r a g e
i n the encapsu ]an t . S p e c i f i c a l ] y ~ when p e r f o r m e d on
epoxy samples~ TSD has been shown to be o f a i d i n
s c r e e n i n g e n c a p s u l a t i o n cand ida tes f o r l i v e dev ice
t e s t i n g p e r f o r m a n c e u n d e r high tempera tu re r e v e r s e
b ias (HTRB) t e s t s . Tab le I is an example o f the
c o r r e l a t i o n found between leakage c u r r e n t and TSD in
n -p -n t r a n s i s t o r s . The p r o c e s s can be i n s t r u m e n t a l i n
sav ing time and money needed to per fo rm l i v e dev ice
t e s t s .

Many au tho rs (2 ) have s t u d i e d TSD i n h i g h l y
o rde red d i e l e c t r i c systems and have deve loped
techn iques to m a t h e m a t i c a l l y analyze t h e i r t h e r m a l
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Fig. I. TSD Apparatus

behavior. In the case of epoxy encapsulation systems~
the chemical interact ions are very complex~ and the
TSD performance is so variable a f t e r small changes in
chemistry that we have deemed i t impractical to
undertake exact mathematical analysis in the present
invest igat ions. Rather, we have elected to establ ish
whatever correlat ions might apply to l ive device
results and to center our study around the changes in
physical behavior as they depend on chemical di f ferences
in epoxy encapsulation compounds.

T a b l e I. Leakage C u r r e n t As Re la ted t o TSD

Stored Charge
(Area Under TSD Curve)

(x I0-7 Coul)

NPN Transistor Data
% Leakage Current Change

A f t e r Exposure To 150°C At
40 V Reverse Bias For 48 Hours

4
9

65
I08

13
I05

7,490
Il~ 240
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Having demonstrated TSD correlat ion with l ive
device results~ we are now attempting to understand
the interact ions that occur between the various
formulat ion components in an epoxy encapsulation
system, and what i t is that causes them to give ei ther
good or bad live device test ing results.

Resin/Hardener Combinations

We have begun by analyzing the TSD character ist ics
of samples compounded from only epoxidized resins and
hardeners. The basic chemistry of these processes is
demonstrated in Fig. 2. An epoxy resin and a hardener
representative of those used in this study with t h e i r
resul tant reacted product is shown. In the present
study three dif ferent epoxy resins have been compounded
in di f ferent combinations with three d i s t i n c t l y
di f ferent hardeners. Fig. 3 shows typical TSD
thermograms taken a f t e r pol ing at 150°C for 30 minutes
using 5 kV/mm of sample thickness. The samples shown
have been post cured at 190°C for 16 hours. Their
glass transit ion temperatures, Tg~are all approximately
170°C. In what fol lows we will denote the three
resins as A, B, and C, respect ively, and the three
hardeners as l, 2, and 3, respect ively. Descriptive
information concerning these materials is contained in
the Appendix. Each of the systems shown in Fig. 3 is
compounded in the resin/hardener stoichiometric r a t i o
of I / l (I00%) without the use of any reaction enhancer
or catalyst except in the case of A/I which has a
react ion i n i t i a t o r b u i l t into the resin system. As
can be seen, the pure resin/hardener systems give
f a i r l y f l a t TSD curves. On this basis and on that of
our previous work one would expect these systems to
give good electr ical performance.

0 OH
/\ I

R-O-CH2-CH-CH2+R'-OH ---> R-O-CH2-CH-CH2-O-R'

EPOXIDIZED HARDENER
RESIN

REACTED PRODUCT
(CROSS-LINKED)

Fig. 2. Basic Epoxy Chemistry



Thermally Stimulated Discharge in Studies of Epoxy Encapsulants 149

x-
=E,<

o,,
o

I-zI&lQ~n,
(J

I0

5

I0

5

I0

I0

5

I0

Resin A
Hardener I

Resin B
Hordener 2

I Resin B
Hor(hJr~r 3

f Ro~ C
iordenet 3

i !
I00 150

Temperoture (" C)

Fig. 3. Resin/Hardener Systems A t
100% S t o i c h i o m e t r y



1 5 0 Wooda_~I

Having seen the above unstructured behavior~ we
next wanted to know how changes in cure~ stoichiometryj
and mobile impurity species w o u l d affect TSD. First
looking at the effect of stoichiometry~ we quickly
discovered that an optimization occurs giving a flat
TSD structure for many resin/hardener systems. For
most of the systems tested this optimization occurred
at a I/l resin/hardener ratio (I00% stoichiometry).
Fig. 4 demonstrates the type of result found for
varying stoichiometries.

The performance shown in Fig. 4 led us to
question the dependence of TSD on cure state. A good
indication of this is shown in Fig. 5 w h e r e the cure
state of two of the systems is shown after 2 hours and
after 16 hours both at 190°C. Though this may seem
like a long cure time~ recall that these are pure resin
and hardener systems with no catalyst and that the cure
process must proceed without activation of the reaction
species(3). Fig. 5 shows the effects of an advanced
state of post cure as indicated by glass transition
temperature~ Tg~ and suggests that TSD might be
suitable for use as a degree of cure indicator. This
will be discussed further in connection with catalysts.

S ince TSD thermogram s t r u c t u r e is gene ra l l y
be l i eved to a r i s e f rom e i t h e r d i p o l a r o r i e n t a t i o n o f
m o l e c u l e s o r space cha rge s e p a r a t i o n ~ the r e s i n /
h a r d e n e r s t u d i e s a l l o w e d us to i d e n t i f y the types o f
TSD curve tha t m i g h t be expec ted f rom m o l e c u l a r d i p o l e
o r i e n t a t i o n . To e n s u r e the absence o f m o b i l e cha rge we
took the p a r t i a l l y cu red systems f rom F ig . 5 and
s u b j e c t e d them to su r f ace remove] s t u d i e s . The su r f ace
removal p rocedure ( i ) e n t a i l s a leng thy p o l i n g process
(approximately 4 hours at 150°C, 5 kV/mm) followed by
a slow abrading away of the surface.

A f t e r removal o f the su r f ace the samples a re
d e p o l e d and a TSD thermogram is taken . Our work has
shown tha t the e f f e c t o f th is p rocedu re is to reduce
s t r u c t u r e and hence f l a t t e n the thermogram. In most
cases r e p e t i t i o n o f the su r f ace removal p rocedu re
i n c r e a s i n g l y f l a t t e n s the c u r v e wi th the discharge
c u r r e n t a p p r o a c h i n g a l i m i t .
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While we cannot el iminate the possibi l i ty of
unknown surface effects caused by the abrasion (e.g. ,
generation of stable surface states), i t seems
pecul iar to us that the thermograms would continue to
f l a t t e n with successive pol ings, surface removals, and
depolings i f surface state generation were solely
responsible for the effect.

Our prev ious work (1 ) on th is c u r v e f l a t t e n i n g
ind i ca tes tha t the e f f e c t i s a t l e a s t p a r t i a l l y due to
the removal o f m o b i l e cha rge from the i n t e r i o r o f the
samples, and tha t any r e s i d u a l s t r u c t u r e r e m a i n i n g a f t e r
seve ra l success i ve su r f ace removals is due to the
d i s c h a r g e o f m o l e c u l a r d i p o l e s .

Fig. 6 shows the residual dipolar or ientat ion
data from TSD's taken on the samples of Fig. 5 a f t e r
surface removal. As seen, the resultant curves show a
reduction in amplitude a f t e r subsequent pol ing and
depoling. We attr ibute this behavior to the progress
of post cure as the samples are heated in the pol ing
and depoling procedures. The pol ing before surface
removal takes p l a c e a t 150°C f o r 3 -4 h o u r s , and
s e q u e n t i a l TSD gene ra t i on requ i res a b o u t 2 hou rs a t
t empe ra tu re . T h u s , F ig . 6 w i l l a l s o give some f e e l i n g
f o r the manner and rate a t w h i c h p o s t cu re p r o c e e d s .

Effects of Catalyst Addit ion

We next c o n s i d e r the e f f e c t s o f a d d i n g s m a l l
amounts o f c a t a l y s t to each system a t v a r y i n g
s t o i c h i o m e t r i e s . We w i l l d i s c u s s four c h e m i c a l l y
d i f f e r e n t c a t a l y s t s i n a l l , d e n o t e d by a~ b~ c and d,
r e s p e c t i v e l y (see Appendix) .

The g e n e r a l chemical mechanism invo lved i n th is
process is d e m o n s t r a t e d i n F ig . 7 . H e r e , we b e l i e v e
tha t the reac t ion is speeded by the c a t a l y s t t h rough
the fo rma t i on o f a l k o x i d e i o n s . F ig . 7 shows the
route to the c r o s s - l i n k e d s t r u c t u r e s i n c e the r e s i n s
and ha rdene rs used a re novo lacs .
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C o n s i d e r i n g f i r s t the TSD dependence on r e s i n /
h a r d e n e r s t o i c h i o m e t r y ~ Fig. 8 shows the s t o i c h i o m e t r i c
dependence u s u a l l y f o u n d f o r a v a r i e t y o f c a t a l y s t s .
A g a i n the f l a t t e s t TSD c u r v e s o c c u r f o r 100%

HO-R + C* . . . . > R - O ( ~ + C * ( ~ -H

HARDENER CATALYST ACTIVATED CATALYST
HARDENER

o oE)
a-o ~ +R-O-CH2-CH-CH 2 . . . . > R-O-CH2-CH-CH2-O-R

ACTIVATED RESIN REACTED SYSTEM
HARDENER

Fig. 7. Proposed C a t a l y s i s In An Epoxy
Novol ac R e a c t i o n
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s to ich iomet ry . Of c o u r s e , t h e r e a re always except ions
and F ig . 9 demonstrates one o f t h e s e f o r system C/3/a
w h e r e the b e s t TSD c u r v e occurs f o r 80% s to i ch i ome t r y
( 1 / 0 . 8 res i n / ha rdene r r a t i o ) .

S ince su r f ace removal s t u d i e s ind ica te tha t
r e a c t i o n f ragmen ts a re p r i m a r i l y r e s p o n s i b l e f o r TSD
s t r u c t u r e ( 1 ) , a f l a t t e r c u r v e m i g h t w e l l ind ica te the
absence o f t h e s e f ragmen ts and thus r e p r e s e n t a more
c o m p l e t e l y reac ted s y s t e m . Th is is reasonable i n l i g h t
o f the f a c t t ha t the s to i ch i ome t r y is based on the
epoxy equ i va len t w e i g h t o f the s y s t e m . However, the re
have been ind i ca t i ons i n the l i t e r a t u r e ( 3 ) tha t an
e x a c t b a l a n c e between r e s i n and h a r d e n e r is n o t
n e c e s s a r y to o b t a i n r e a c t i o n c o m p l e t i o n , and th is may be
r e s p o n s i b l e f o r the r e s u l t s o f F ig . 9 .

I 0

5

S)oichiomefry
R I ~ B - - 1 0 0 %
~ 3 . . . . 8 0 %

Cmalyst e - - ' - - 6 0 %

~ " ~ . . . . . . . . . . . . . .~ - - _ ~

,60 ,Io
Temperature p C )

Fig. 8. Most Typical Dependence On Stoichiometry
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Al though th is a g a i n suggests tha t TSD may be used
as an i n d i c a t i o n o f d e g r e e o f cure~ one c a n n o t
i m m e d i a t e l y draw such a c o n c l u s i o n . The a d d i t i o n o f
the c a t a l y s t comp l i ca tes the s i t u a t i o n immensely. As
seen i n F ig . 7, upon r e a c t i o n c o m p l e t i o n the c a t a l y s t
remains a v a i l a b l e as a f ree p o l a r s p e c i e s . Hence, the
TSD s t r u c t u r e shown may be t o t a l l y dependent on the
f ree m o b i l i t y o f t h e s e c a t a l y s t f r a g m e n t s . In tu rn
th is m o b i l i t y w i l l depend on the d e n s i t y o f c r o s s -
l i n k s i n the c o m p l e t e d system w h i c h is known to depend
a t l e a s t p a r t i a l l y on the s to ich iomet ry . Hence, the
g e n e r a l r e s u l t shown i n F ig . 8 w o u l d be j u s t t ha t
expec ted i f c a t a l y s t f r agmen ts were r e s p o n s i b l e f o r the
the rmogram s t r u c t u r e .

F ig . lO g ives r e s u l t s f o r resin~hardener~catalyst
systems a t low and h i g h c a t a l y s t l e v e l s . As can be
seen from the f igu re~ the h i g h e r l e v e l o f c a t a l y s t
appa ren t l y d r i v e s the c h e m i c a l reac t ions toward
completeness, i n c r e a s i n g the c r o s s - l i n k d e n s i t y and
i m m o b i l i z i n g the c a t a l y s t f r agmen ts w h i c h r e s u l t i n the
f l a t t e n e d c u r v e . Tg measurements show a r i s e f rom
180°C to 200°C f o r h i g h e r c a t a l y s t l e v e l s w h i c h
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confirms the completeness of cure. It w o u l d appear
that these catalytic species do not participate in the
mechanism of thermogram formation at least for the
present samples. In this context the possibility of
attributing the structure in Fig. 8 and 9 to unreacted
mobile species becomes evident. It follows that TSD
may indeed be a valid indicator of cure state in some
e p o x y systems.

Surface Behavior of Free Species

Ninety percent of all device failures are known to
be associated with the device surface. Many of these
are believed to be caused by the presence of mobile
charged species at the device/encapsulant interface~
w h i c h have been extensively studied by several authors
(6-11). Shockley et al.(8) and Schlegel et al.(9)
have found a voltage dependence on the silicon oxide
surface at a distance x from a voltage source. Their
work indicates that an inversion layer may be formed
below such a surface by the spreading of the available
mobile charge. This inversion layer~ I(x)~ has a time
dependence:

i ( x ) o c t ° ' 5

O.

?
_o
x
I-
Z

i i rt Resm B - - 0 . 5 % Cot(WetHardier 3 . . . . . 3 .~% Cotalyst
Cotoly=t o
Stoichi~netry 100%

l I

Stok:~omefry 60% 0.5% Calaly~
. . . . 5.8 % Cmoly=t

1f/
fJ

I !
IOO 15o

TemlPeroture ('C)

F ig . I0 . TSD Dependence On C a t a l y s t Leve l
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Wakashima et al.(ll), including encapsulant bulk
effects, have put the dependence at

I(x)oc t 0 " 8 ~ l.O

The mobile charged species are known to interfere by
causing inversion layers and leakage currents on the
device surface.

It was suggested that ionic impurities (e.g.~
chlorides) may be responsible for TSD results. However,
repeated attempts to associate TSD performance with
impurity content have led us to believe that these
effects are of secondary importance. Of primary
importance to TSD and its associated high temperature
reverse bias (HTRB) performance are what appear to be
reaction fragments as revealed by surface removal
studies using TSD. It is our contention that for epoxy
systems these are the most important ionic degradative
species. At this point we also note that in highly
cross-linked systems, repeated surface removal runs are
necessary to obtain an unstructured TSD curve, but that
a relatively unstructured curve can be obtained. This
w o u l d be expected because of free volume limitations on
the mobility of larger reaction fragments w i t h i n the
polymer.

Moisture Effects

Moisture has a history of ill effects on epoxy
encapsulants. To help develop our understanding of
moisture degradation~ we have b e g u n preliminary
studies of TSD results as they pertain to the effects
of moisture absorption in epoxies. Fig. II shows a
comparison of a typical epoxy encapsulation system
before and after exposure to an 85°C at 85% relative
humidity environment. The main effect has been to
move the first peak in the curve to a lower temperature.
A similar situation is shown in Fig. 12~ w h e r e
resolution of an additional peak results from 8 5 / 8 5
exposure.

157
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TSD exper imen ts as done on h i g h l y o rde red po l ymer
s y s t e m s ( 2 ) e n a b l e r e s o l u t i o n o f a number o f thermogram
p e a k s . One o f t h o s e o c c u r r i n g a t the l o w e s t ene rg i es
is a t t r i b u t e d to the rma l l y s t i m u l a t e d f ree r o t a t i o n o f
the s i d e cha ins a s s o c i a t e d wi th hyd rogen b o n d i n g . Such
an e f f e c t i s be l i eved ev idenced by the f i g u r e s . We
t h i n k tha t the peak s h i f t i n F ig . ] ] and the peak
r e s o l u t i o n o f F ig . ]2 a re due t o the s o l v a t i o n e f f e c t o f
the m o i s t u r e on the epoxy s i d e cha ins (12 -15 ) . Th is
s o l v a t i o n w o u l d a l l o w the peak~ i n the case o f F ig . ] ] ,
to o c c u r a t a l o w e r tempera tu re and w o u l d assoc i a te th is
peak w i t h r o t a t i o n o f the s i d e c h a i n s . The system
shown i n F ig . ]2 on the o t h e r hand has pe rm i t t ed the
s o l v a t i o n e f f e c t to b reak hydrogen bonds, a l l o w i n g f ree
r o t a t i o n to o c c u r and e n h a n c i n g the m o b i l i t y o f any
e x i s t e n t space cha rge th rough the removal o f s t e r i c
e f f e c t s .

Such r e s o l u t i o n o f i n d i v i d u a l m o l e c u l a r processes
is the rea l advan tage o f m o i s t u r e e f f e c t s t u d i e s . Th is
i n fo rma t i on when combined wi th o t h e r more common
measurements n o t on l y a l l o w s one to b e t t e r u n d e r s t a n d
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Fig. 12. Moisture Effects In Encapsulation Systems

t he chemical processes i n an e n c a p s u l a n t b u t to
i n v e s t i g a t e w a t e r a b s o r p t i o n mechanisms separa te ly .

Summary

T h e r m a l l y s t i m u l a t e d d i s c h a r g e (TSD) has been
a p p l i e d to d e t e r m i n e p o l a r i z a t i o n processes i n
components o f epoxy e n c a p s u l a t i o n s y s t e m s . P o l a r i z a t i o n
e f f e c t s due to m o l e c u l a r d i p o l e space cha rge mechanisms
have been separateds and the use o f TSO f o r cu re s t a t e
de te rm ina t i on has been d e m o n s t r a t e d . The e f f e c t o f
r es i n / ha rdene r s to i ch i ome t r y and o f c a t a l y s t l e v e l on
TSD thermograms has a l s o been d e t a i l e d . Genera l lys 100%
stoichiometry was found to minimize TSO thermogram
structure. Surface removal studies indicate that the
most important contributors to TSD are unreacted
fragments of the chemical composition. TSD is shown
to be effective in studying moisture effects in polymer
encapsulants allowing individual molecular processes to
be reso l ved , and a b s o r p t i o n mechanisms to be c } a r i f i e d .
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Appendix

Code Type Approximate Epoxy
No. Of Molecular Weight Equivalent

,.Material ,, Weight
A Epoxy 900 200

Novolac
Resin

B Epoxy I~200 220
Novolac
Resin

C Epoxy I~200 220
Novolac
Resin

1 Novolac 650
Hardener

2 Novolac 700
Hardener

3 Novolac 650
Hardener

a Amine *
Catalyst

b A m i n e *
Catalyst

c A m i n e *
Catalyst

d 0rgano- *
Phosphorous
Catalyst

*Proprietary
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