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ABSTRACT 

The design and processing techniques necessary t o  incorporate bypass diodes 

w i t h i n  the module encapsulant are presented i n  t h i s  annual report .  A 

comprehensive survey o f  ava i lab le  pad-mounted PN j unc t i on  and Schottky 

diodes l e d  t o  the se lec t ion o f  Semicon PN junc t ion  diode c e l l s  f o r  t h i s  

appl icat ion.  Diode junction-to-heat spreader thermal resistance 

measurements, performed on a va r i e t y  o f  mounted diode ch ip  types and sizes, , 

have y ie lded  values which are cons is tent ly  below 1°c per watt, bu t  show 

some i n s t a b i l i t y  when thermal ly cycled over the temperature range from -40 

t o  1 5 0 ~ ~ .  

Based on the r e s u l t s  o f  a de ta i led  thermal analysis, which covered the range 

o f  bypass currents from 2 t o  20 amperes, three representat ive experimental 

modules, each incorporat ing i n teg ra l  bypass diode/heat spreader assembl i es 

o f  various sizes, were designed and fabricated. Thermal t es t i ng  of these 

modules has enabled the formulat ion o f  a reconmended heat spreader p l a te  

s i z i ng  re la t ionsh ip .  The production cost  o f  three encapsulated bypass 

diode/heat spreader assembl i e s  were compared w i t h  simi 1 a r l y  ra ted 

external 1 y-mounted packaged diodes. 

An assessment o f  bypass diode re1 i a b i l  i ty,  which re1 i e s  heavi ly  on 

r e c t i f y i n g  diode f a i l u r e  r a t e  data, leads t o  the general conclusion that ,  

when proper designed and i n s t a l  1 ed, these devices . \ t i  1 1 improve the overa l l  

r e l i a b i l i t y  o f  a t e r r e s t r i a l  array over a 20 year design l i f e t ime .  
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SECTION 1 

SUMMARY 

The integration of bypass diodes w i t h i n  photovoltaic modules may be neces- 

sary to  l imi t  the potential for  reverse voltage "hot-spot" heating i f  the 
individual modules are 'eval uated to  the requirements of proposed product 
standards for  f l  at-pl a t e  photovol t a i c  modules and panel s. In such cases, 
where the use of module bypass diodes i s  indicated, the mechanical and elec- 
t r i ca l  integration of these diodes within the module encapsulation system i s  
a viable design solution which offers  many advantages over conventionally 

packaged diode mounting- methods. A diode/heat spreader plate assembly of 
the configuration shown i n  Figure 1-1, where the pad-mounted diode chip i s  
soldered to  the center of a square copper plate,  can be conveniently lami- 
nated within the module encapsulation system as shown i n  Figure 1-2. This 
arrangement, w i t h  the diode/heat spreader plate assembly positioned behind 
the solar ce l l  c i r cu i t ,  resu l t s  i n  a negligible increase in encapsulant 
volume w i t h  no increase i n  module frontal area. The module encapsulation 

system also functions to  e lec t r ica l ly  i so la te  the diode instal la t ion.  

A comprehensive survey of available pad-mounted PN junction and Schottky 
diodes resulted i n  the selection of Semicon PN junction diode c e l l s  for  th i s  
application. The use of Schottky devices i n  internal module bypass c i r cu i t s  
was ruled-out because of higher level array c i r cu i t  design considerations 
which are  discussed i n  Section 3.1. 

The resul ts  of diode junction-to-heat spreader thermal resistance measure- 
ments were used in a mu1 ti-node thermal model t o  predict the diode junction 
temperature as a function of copper heat spreader plate s ize and diode heat 
d i  ssi  pation. A 130'~ ethylene vinyl acetate temperature 1 imitation was 

used to  establish the c r i te r ion  fo r  determining the required plate s ize for  
a speci f i ed bypass current. 
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Figure 1-1. Diode/Heat Spreader Configurat ion 
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Figure 1-2. Typical Glass Superstrate Lamination Stack-up 

w i t h  Encapsulated Bypass Diode 



Three module segments, each cons is t i ng  o f  twenty-four square so la r  c e l l  s, 

100 mm on a side, arranged i n  d i f f e r e n t  c i r c u i t  con f igu ra t i ons  and w i t h  d i f -  

fe rent  s i z e  heat  spreaders, were designed and fab r i ca ted  t o  func t i on  as t e s t  

specimens f o r  t h e  experimental determi n a t i o n  o f  t h e  heat spreader temper- 

a tu re  r i s e  as a func t ion  o f  diode heat  d i ss ipa t i on .  The data from these 

charac te r i za t i on  t e s t s  were used t o  develop the  r e l a t i o n s h i p  shown i n  Figure 

1-3. It i s  recommended t h a t  t h i s  curve be used as a design guide i n  the  

s i z i n g  o f  copper heat  spreader p l a t e s  f o r  encapsulated bypass diode i n s t a l -  

l a t i o n s .  

0.032 IN THICK COPPER 
130°C EVA TEMPERATURE 
LIMIT 
40°c AMBIENT TEMPERATURE 
1.0 kw/M2 INSOLATION 

0 5 10 15 M 

DIODE HEAT DISSIPATION (WAlTS) 

Figure  1-3. Recommended Encapsulated Diode Heat Spreader Pl a t e  

S i ze  Based on L imi ted  Experimental Data 

A d e t a i l e d  manufactur ing cos t  comparison o f  encapsulated bypass diode c e l l  s 

o f  several c u r r e n t  r a t i n g s  w i t h  comparable externally-mounted packaged 

diodes has revealed no s t rong cos t - re la ted  incen t i ve  f o r  one approach over 

another. The dec is ion  t o  package a bypass diode as an i n t e g r a l  p a r t  of a 

photovol t a i c  module, whether ex terna l  l y  o r  i n t e r n a l  ly-mounted, should be ' 

made by t h e  module designer based on requirements r e l a t e d  exc lus i ve l y  t o  t h e  

a b i l i t y  o f  t h e  module t o  surv ive  t h e  "hot  spot" heat ing  condi t ions.  De- 

pending on t h e  module c i r c u i t  conf igura t ion ,  i t  may be necessary t o  employ 

m u l t i p l e  bypass diodes as p a r t  o f  the  module design t o  insure  sa t i s fac to ry  

performance dur ing  t h i s  t e s t  exposure. Th is  i s  p a r t i c u l a r l y  t r u e  f o r  



resident ial  appl ications where the requirements for  dc system vol tage and 
array and module s i ze  tend to  d ic ta te  a relat ively large number of series- 
connected c e l l s  per module.. In such cases, where the requirement for  
mu1 t i p l e  bypass diodes would require the repeated penetration of the nodule 
encapsul ant  f o r  connections t o  external ly-mounted diodes, i t  woul d seem 
logical t o  mount the diodes as  an integral part of the encapsulation system 
so t h a t  no intermediate penetrations are  required. 

The use of a single module-mounted bypass diode must be questioned on the 
basis  of intended function since such an application will not enhance the 
survivabi l i ty  of the modu'le i n  the hot-spot heating t e s t  envfronment, as de- 

fined by the proposed UL standard, and the inclusion of a single bypass 

diode a t  the module level may only complicate the array c i r c u i t  design by 
introducing problems of current sharing among these individual module diodes 
i f  the array c i r c u i t  designer wishes t o  employ a para1 le l  -connected group of 
modules as  a c i r c u i t  element. Under such circumstances current sharing 
among parallel-connected diodes can be forced by the inclusion of an ap- 
propriately selected se r i e s  resistance value i n  each bypass path. The mag- 
nitude of the voltage drop i n  each forward conducting bypass path wil>l be 
s ignif icant ly increased by the presence of this  additional resistance. 
T h i s ,  i n  turn, may cause a disproportionately large decrease i n  the power 
output capabili ty of the affected source c i r c u i t  a t  the system output 
vnltage w h i s h  i s  determined By the maximum power operating point of the un- 
affected source c i r cu i t s .  T h i s  shortcoming can be avoided by the use of an 
external ly-mounted bypass diode which is  selected by the array c i r cu i t  
designer and sized t o  accommodate the bypass current from a l l  paral le l-  
connected modules i n  the bypass group. V l  rtual ly a1 1 bypass current will be 
through t h i s  large external diode i f  i t s  forward voltage drop, when passing 
this current,  is  s ignif icant ly l e s s  than the individual module diodes. Such 
a s i tuat ion can e x i s t  i f  the large external diode is  a Schottky device and 
the single module diodes are  PN -junction devices or  i f  multiple, series- 
connected PN junction devices a re  used as  module bypass diodes w i t h  a single 
large PN junction diode used as  the array bypass diode. 



The photovol t a i c  module bypass appl ication is  not particularly demanding 
re la t ive  to  the conventional rectifying application fo r  power diodes. The 
operating environment for  a photovol t a i c  module bypass diode i s  character- 
ized by a prolonged exposure to  a low level reverse voltage (-0 vdc d u r i n g  

nighttime periods and typically 15 vdc d u r i n g  daytime periods). Under these 
reverse vol tage conditions the diode temperature varies from near the 
ambient a i r  temperature d u r i n g  nighttime periods to  a temperature approx- 

imately equal to  the module operating temperature d u r i n g  daytime periods. 
Occasionally the diode may be required to  perform i t s  bypass function by 
conducting a portion of the c i r c u i t  current i n  the forward direction. Under 
these conditions the diode junction temperature coul d approach the maximum 
rated value, b u t  the time spent in t h i s  mode of operation i s  probably 
several orders of magnitude l e s s  than the time spent i n  the reverse voltage 
operating mode. 

Diode fa i lure  ra te  data i s  available fo r  a rectifying application where the 
excitation source i s  a 60 Hz sinusoidal waveform and where fa i lure  i s  de- 
fined as  a relat ively small change i n  reverse leakage current. The applica- 
t ion of t h i s  data to  the dc blocking operation of a bypass diode leads to  
the general conclusion tha t ,  w i t h  proper design, the bypass diode fa i lure  
ra te  will be suff ic ient ly  low so tha t  t he i r  inclusion can be jus t i f ied  on 
the basis of an overall array r e l i a b i l i t y  improvement over a 20 year design 
1 ifetime. 

The thermal resistance between the d iode  junction and the heat spreader i s  a 
c r i t i c a l  element i n  the determination of diode junction temperature (and, 

hence, re1 iabi 1 i t y )  under forward conducting conditions. The s t ab i l i t y  of 
this thermal resistance w i t h  temperature cycling requfres further study i n  

the l i gh t  o f  the resu l t s  from a limited thermal cycling exposure t e s t  where 
twelve specimens were cycled 100 .times between the extremes of -40 and 
150"~.  T h i s  temperature cycl ing exposure. which i s  unquestionably severe 
i n  terms of the magnitude of the temperature extremes, resulted i n  s igni f i -  
cant increases i n  the thermal resistance across the soldered interface 

between the s i l icon die and the heat spreader. Such changes i n  thermal re- 
sistance are  indicative of the propagation of void areas i n  the solder joint .  



SECTION 2 

I N T R ~ ~ U C T I O N  

T h i s  research i s  an outgrowth of the  bypass diode in tegrat ion a c t i v i t y  re-  
ported i n  Reference [I], which led t o  the  conclusion t h a t  the  d i r e c t  mount- 
ing of diode chips onto copper heat spreader p la tes  f o r  lamination w i t h i n  

the  module encapsulant o f f e r s  an a t t r a c t i v e  ins ta l  l a t i on  option w i t h  the  
following advantages: 

the thermal res i s t ance  from the  diode junction-to-heat sink can be 
somewhat lower w i t h  the  chip, s ince  the  case,  whic'h i s  associated 
w i t h  the  packaged diode, has been eliminated and replaced w i t h  a 

r e l a t i ve ly  l a rge  heat  spreader p la te ,  
the  mounted chip i s  much smaller than the packaged diode and there-  
fo re  i t s  placement i n  the  module i s  not l imited t o  locations t h a t  
a r e  l a rge  enough t o  accommodate the ra the r  bulky diode case,  and 
the  environmental protection and e l ec t r i c a l  insula t ion a r e  provided 
by the module encapsulant. 

The or ig inal  objective of th is  contract  was t o  research the  design and pro- 
' cessing techniques necessary t o  incorporate a bypass diode/heat spreader as -  

sembly w i t h i n  the  module encapsulant. T h i s  objective was broadened, as  a 
r e s u l t  of a subsequent con t rac t  modification, t o  include the  more general 
appl ica t ion of diodes, used i n  both bypass and blocking modes, t o  modules i n  

h i g h  voltage and high,power systems. The program a c t i v i t y  i s  organized i n to  

nine major tasks  a s  l i s t e d  below. 
Task 1 - Requirements Definit ion 
Task 2 - Design Synthesis and Development 
Task 3 - Component ,and Module Mock-up Fabrication 
Task 4 - Bypass Diode Cost Comparison 
Task 5 - Bypass Diode Re1 i ab i l  i t y  Considerations 
Task 6 - Para1 l e l  Bypass Diode Load Sharing Considerations 

1 .  "Bypass Diode Integration - Final Report", DOE/JPL 955894-5, 
December 11, 1981 



Task 7 - Thermal Cycling Endurance of Soldered Diode Cells 
Task 8 - Bypass Diode/Enclosure Designs 
Task 9 - Blocking Diode/Encl osure Designs 

As i l l u s t r a t ed  i n  Figure 2-1, t h i s  annual report covers the resu l t s  of the 
f i r s t  seven task a c t i v i t i e s  which were completed as  of th i s  reporting date. 
Under Task 1 the requirements for  incorporating PN junction or Schottky 
diode. chips in to  the module encapsulant system were developed. Available 

diode chips of both types, rated fo r  forward currents over the range from 2 

t o  20 amperes, were investigated. Sources of supply were identified and 
diodes were characterized by mounting configuration, junction temperature 
1 imitation, and by forward current-vol taqe  r e 1  a t i o n s h i p .  Functional re- 
quirements related t o  the integration of bypass diodes into a module 
laminate, including encapsulant temperature l imitations,  e lectr ical  i n -  

sul ation, anode lead attachment and environmental protection, were 
investigated. 

The Task 2 ac t iv i ty  addressed the issues related to  the design synthesis of 
the diode/heat spreader assemblies for  the forward rr~rrrent. range of 2 t o  20 

amperes. A thermal analysis was performed to  permit the selection of the 
required square copper plate s ize as a function of diode heat dissipation. 
Encapsulation considerations included the selection of appropriate i n -  

sulating materials, anode lead routing, and the i . n t e g r a t i o n  o f  the  heat 

spreader w i t h  the internal current collecting buses. 

Task 3 included the fabrication and t e s t  of various bypass diode/heat 
spreader assembly mock-ups including the encapsulation of these assembl ies  
w i t h i n  simulated modules. As a final verification of the design concept, 
diode/heat spreader assemblies of six different  sizes were encapsulated i n  

three separate modules, each configured with twenty-four square solar ce l l s ,  
100 mm on a side,  to  produce short-circuit  currents of 3, 12 and 18 amperes. 

A comparative cost assessment of the encapsulated bypass diode packaging ap- 
proach w i t h  the more conventional externally-mounted enclsoure method was 
performed under Task 4. 
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The f ac to r s  a f f e c t i n g  the r e l i a b i l i t y  of r e c t i f y i n g  diodes used i n  photo- 

v o l t a i c  ar ray bypass app l i ca t ions  were addressed as p a r t  of Task 5. 
Ava i lab le  diode f a i l u r e  r a t e  data were assembled and used t o  estimate the 

re1  i a b i l  i ty o f  bypass diodes. 

The cur ren t  sharing i n  para1 1 e l  -connected diodes was invest igated under 
Task 6. The c i r c u i t  ana lys is  performed as p a r t  o f  t h i s  a c t i v i t y  included 

t he  p a r a l l e l  connection o f  PN j unc t i on  diodes o f  the same type as wel l  as a 

PN j unc t i on  diode i n  p a r a l l e l  w i t h  a Schottky diode. I n  a l l  cases the 

ef fects o f  an imposed junc t ion  temperature d i f ference and ser ies  resistance 

i n  the bypass paths were evaluated. 

The s t a b i l i t y  of the solder j o i n t  between the diode c e l l  and the heat 

spreader, which i s  c ruc i a l  t o  the  thermal d iss ipa t ion  capab i l i t y  o f  an en- 

capsulated diode package, was experimental invest igated by a 1 lmf ted  thema l  

cyc l i ng  exposure as def ined under Task 7. 



SECTI0t.I 3  

TECHNICAL DISCUSSION 

3.1 BYPASS DIODE FUNCTIONAL REQUIREMENTS 

Bypass diodes a re  o f t e n  used i n  pho tovo l ta i c  a r ray  c i r c u i t s  t o  perform the  

f o l l o w i n g  func t ions :  

r Provide a  p a r a l l e l  path f o r  c u r r e n t  around f a u l t y  module c i r c u i t  

elements so t h a t  t he  source c i r c u i t  c u r r e n t  c a p a b i l i t y  i s  n o t  

1  i m i  t ed  by any more than the  approximate s h o r t - c i r c u i t  c u r r e n t  

capabi l  i ty of elements w i t h i n  the  bypassed group. 

r L i m i t  the reverse vo l tage t h a t  can be developed across the  bypassed 

group t o  the  forward vo l tage drop o f  the forward conduct ing bypass 

diode. This l i m i t s  the  amount o f  reverse vo l tage "hot-spot" heat- 

i n g  t h a t  can occur w i th in ,  an a f f e c t e d  s o l a r  c e l l  of the bypassed 

group. 

r Provide a  paral.1 e l  path fo r  cur ren t ,  when connected external  l y  

around a  module, so t h a t  the  removal o f  t he  module from an il- 

luminated a r ray  does n o t  c rea te  an arc.  

the  e l e c t r i c a l  in te rconnect ion  o f  modules t o  form an a r ray  i s  genera l l y  ac- 

complished i n  one o f  the  two ways diagrammed i n  F igure  3-1. The f i r s t  o f  

these methods, c a l l e d  "Para1 l e l  -connected Ser ies S t r i n g s "  i n  F igure  3-1 (a ) ,  

has been w ide ly  used b u t  i s  charac ter ized by a  d i s p r o p o r t i o n a t e l y  h igh  power 

l o s s  due t o  s h o r t - c i r c u i t  c u r r e n t  mismatch among the  modules w i t h i n  each i n -  

d i v i d u a l  se r i es  s t r i n g .  This  mlsmatch l o s s  can be minimized by in te rcon-  

nec t i ng  the  modules as shown i n  F igure  3-1 ( b ) ,  r e f e r r e d  t o  as the  "Series- 

connected' Para1 1  e l  Groups" arrangement. With t h i s  l a t t e r  in te rconnect ion  

scheme, where the  number o f  para l  1  e l  -connected modul es i s re1 a t i  ve l y  la rge ,  

t he  modules can be randomly placed w i t h i n  the ar ray  c i r c u i t  w i t h  1  i t t l e  i m -  

pac t  on the  resu l  t a n t  t o t a l  a r ray  s h o r t - c i r c u i t  c u r r e n t  capabi 1  i t y .  How- 

ever, when bypass diodes a re  incorpora ted  i n t o  a  c i r c u i t  o f  t h i s  con f i g -  

u r a t i o n  i t  i s  necessary t o  c a r e f u l l y  evaluate the  s i z i n g  o f  these diodes 
r e l a t i v e  t o  the  s h o r t - c i r c u i t  c u r r e n t  capabi l  i t y  o f  the  e n t i r e  para l  l e l  

group. Modules w i t h  i n d i v i d u a l  bypass diodes may r e q u i r e  the  a d d i t i o n a l  

p r o t e c t i o n  o f  a  s i n g l e  bypass diode which i s  connected across each p a r a l l e l  



( a )  Paral 1 el -connected Series Strings 

(b )  Series-Connected Paral l e l  Groups 

Figure 3-1. A1 ternati ve Modul e-to-Module Interconnection Approaches 

3-2 



group and s ized t o  c a r r y  the t o t a l  s h o r t - c i r c u i t  c u r r e n t  produced by a l l  

modules i n  the  p a r a l l e l  group a t  a  vo l tage drop s u b s t a n t i a l l y  lower than the  

i n d i v i d u a l  module bypass diodes. 

The d r i v i n g  requirement t h a t  forces the  module designer t o  consider  t he  use 

of bypass diodes i s  the  "h0.t-spot" endurance t e s t  spec i f i ed  i n  the  proposed 

UL "Standard f o r  F l a t  P la te  Photovo l ta ic  Modules and Panels" [2], which has 

i t s  o r i g i n s  i n  a  JPL Block V s p e c i f i c a t i o n  [3]. Depending on the  module 

c i r c u i t  c o n f i g u r a t i o n  i t  may be necessary t o  employ mu1 t i p l e  module-mounted 

bypass diodes t o  insure  s a t i s f a c t o r y  performance dur ing  t h i s  t e s t  exposure. 

Th i s  i s  p a r t i c u l a r l y  t r u e  f o r  r e s i d e n t i a l  appl i c a t i o n s  where the  r e q u i r e -  

ments f o r  dc system vo l tage and a r ray  and module s i ze  tend t o  d i c t a t e  a  

re1 a t i v e l y  1  arge number o f  series-connected c e l l  s  per module. Under such 

circumstances i t  i s  c l e a r  t h a t  t he  bes t  s o l u t i o n  i nvo l ves  the  use o f  bo th  

i n t e r n a l  and ex te rna l  diodes i n  an arrangement o f  t he  type i l l u s t r a t e d  i n  

F igure  3-2. I n  t h i s  case, c ross - t i es  have been used t o  p a r a l l e l  m u l t i p l e  

modules as an element o f  a  source c i r c u i t .  It i s  c l e a r  t h a t  w i thou t  the  ex- 

t e r n a l  bypass diodes t h i s  c i r c u i t  would be sub jec t  t o  i n t e r n a l  diode c u r r e n t  

over loading i n  t h e  event o f  open-c i r cu i t  f a i l u r e s  o r  shadowing. It i s  a1 so 

apparent t h a t  t he  e l i m i n a t i o n  o f  a l l  i n t e r n a l  bypass diodes may compromise 

the  a b i l i t y  of t he  module t o  surv ive  the  JPL hot-spot  endurance t e s t .  How- 

ever, w i t h  the  arrangement shown, t h e  combined use o f  bo th  i n t e r n a l  and ex- 

t e r n a l  bypass diodes would seem t o  reso l ve  a l l  the  concerns mentioned above 

s ince the  forward vo l tage drop o f  the  ex terna l  diode, r e l a t i v e  t o  the  

series-connected drop o f  the  m u l t i p l e  j n t e r n a l  diodes w i l l  assure t h a t  t he  

bypassed c u r r e n t  w i l l  pass through the  ex terna l  diode which can be s ized t o  

accommodate the  s h o r t - c i r c u i t  c u r r e n t  o f  t h e  e n t i r e  source c i r c u i t .  

When the  ex te rna l  diode i s  used t o  bypass a  r e l a t i v e l y  l a r g e  number o f  

series-connected s o l a r  c e l l s ,  as i n  the  case i l l u s t r a t e d  i n  F igure  3-2; i t  

i s  impor tan t  t o  assure t h a t '  the  reverse b lock ing  vo l  tage o f  the  ex terna l  

diode i s  s u f f i c i e n t l y  high. This  cons idera t ion  would e l im ina te  the  Schottky 

2. UL 1703, "Standard f o r  F l  a t -Pl  a te  Photovol t a i c  Modules and Panel s" 
( D r a f t  Document) 

3. "Block V So lar  Ce l l  Module Design .and.Test S p e c i f i c a t i o n  fo r  Res ident ia l  
Appl i c a t i o n s  - 1981 ", JPL Document 51 01 -1 62. 
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diode f o r  app l i ca t i ons  where more than 26 series-connected s o l a r  c e l l s  ( a t  

0.75 v o l t s  per c e l l  a t  -20'~) a r e  bypassed by the  ex terna l  diode. This  

assumes a  40 v o l t  Schottky reverse b lock ing  vo l tage which i s  derated by a  

fac to r  of two. I n  these cases, t he  use o f  a  PN j u n c t i o n  device f o r  the  ex- 

t e r n a l  diode i s  ind icated.  Thus, i n  t he  general case where m u l t i p l e  i n -  

t e r n a l l y  bypassed c e l l  groups are  c ross - t i ed  and e x t e r n a l l y  bypassed, i t  

w i  11 be necessary t o  use a  PN j u n c t i o n  device f o r  t h e  ex terna l  diode as we1 1  

as PN j u n c t i o n  devices f o r  the i n t e r n a l  module diodes. This  l a t t e r  con- 

c l u s i o n  stems from the observat ion t h a t  the  forward drop of two se r ies -  

connected i n t e r n a l  Schottky diodes may n o t  be g rea te r  than the  forward v o l -  

tage o f  t he  s i n g l e  ex terna l  PN j u n c t i o n  diode which i s  t he  c o n d i t i o n  r e -  

qu i red  t o  assure a c u r r e n t  through the ex terna l  bypass path. 

The spec ia l  case i l l u s t r a t e d  i n  .F igure  3-3 dep ic t s  the  cross-st rapping o f  

modules which each have a  s i n g l e  bypassed c e l l  group. I n  t h i s  case, the  

number o f  series-connected so la r  c e l l s  i n  each group w i l l  genera l l y  be l e s s  

than 26 due t o  hot-spot  heat ing  cons idera t ions  and p r o t e c t i o n  o f  t he  i n -  

t e r n a l  diodes i s  assured by us ing  a  Schottky device f o r  the  ex terna l  diode 

and a  PN j u n c t i o n  device f o r  the  i n t e r n a l  diodes. 

Thus, these arguments l e a d  t o  the  conclus ion t h a t  i n t e g r a l  bypass diodes 

w i l l  genera l l y  be requ i red  t o  assure compliance w i t h  es tab l ished JPL ho t -  

spot  t e s t i n g  spec i f i ca t i ons  and tha t ,  when used, these diodes ,should be PN 

j u n c t i o n  devices t o  p rov ide  the  forward vo l tage drop necessary t o  permi t  ex-.  

t e r n a l  diode p r o t e c t i o n  o f  c ross - t i ed  groups. 

3.2 AVAILABLE DIODE CHIP TYPES 

P o t e n t i a l  supp l i e rs  o f  PN j u n c t i o n  and Schottky diodes were contacted t o  de- 

termine t h e i r  i n t e r e s t  i n  supply ing diodes i n  c h i p  form f o r  use i n  t he  

photovol t a i c  module bypass appl i cat ion .  The manufacturers 1  i sted i n  

Table 3-1 c u r r e n t l y  produce such devices and i nd i ca ted  an i n t e r e s t  i n  se l -  

l i n g  diode ch ips  w i t h  i n t e g r a l  mounting pads ( t o  f a c i l i t a t e  handl ing and as- 

sembly). These diode c e l l s  a re  genera l l y  o f  two con f i gu ra t i ons  as depicted 

i n  F igure  3-4, depending on the diode type. PN j u n c t i o n  devices are sup- 

p l i e d  i n  a  bu t ton  o r  p i l l  c o n f i g u r a t i o n  as shown i n  F igure  3-4(a) w i t h  the  

s i l i c o n  d i e  soldered between m e t a l l i c  d isks  and pro tec ted  w i t h  a  c i r -  

cumferent ia l  S i l a s t i c  seal. A h igh  lead so lder  composit ion i s  genera l l y  
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Table 3-1. Potential Diode Chip Suppliers 

ANODE MOUNTING PAD 

SILICON DIE 

SllASTlC PASSlVATlON 

CATHODE MOUNTING PAD 

( a )  PN Junction Device 
(b)  Schottky Device 

Figure 3-4. Typical Diode Cell Packaging Configuration 

FORWARD CURRENT 
RATING (AMPERES) 

8, 25 

10, 30, 60 

6, 15, 30, 60 

15, 30, 60, 75 

6, 12, 20, 40, 60 
15, 30, 75 

30,60 

8, 30, 60 

15, 30, 60 

MANUFACTURER 

GENERAL INSTRUMENT 

INTERNATIONAL RECTIFIER 

MIACON (FORMERLY 
MICROWAVE ASSOCIATES) 

MOTOROLA 

SEMICON 

TRW 

UNITRODE 

VARO 

DIODE CHIP 
TYPE 

PN JUNCTION 

SCHOTTKY 

SCHOTTKY 

SCHOTTKY 

PN JUNCTION 
SCHOTTKY 

SCHOTTKY 

SCHOlTKY 

SCHOTTKY 



used t o  j o i n  these l a y e r s  s ince  i t  provides super io r  j o i n t - f a t i g u e  

to le rance.  A t y p i c a l  Schot tky device package, as shown i n  F igure  3-4(b),  

mounts t h e  d i e  on a molybdenum d i s k  t o  form the  cathode te rmina l .  A smal ler  

metal  d isk ,  o r  so lder  mound i s  at tached t o  the  top  of the  d i e  t o  form t h e  

anode contact .  The edges o f  t h e  device are  unprotected, thus c r e a t i n g  the  

requi rement  f o r  c a r e f u l  hand1 i ng and processing t o  avo id  performance degra- 

d a t i o n  du r ing  h ighe r  l e v e l  assembly operat ions. 

Tables 3-2 through 3-9 c o n t a i n  a summary o f  t he  device o f f e r i n g s  from each 

p o t e n t i  a1 suppl i e r  i n c l  ud i  ng general phys ica l  c h a r a c t e r i s t i c s  and p e r t i n e n t  

performance r a t i n g  parameters. The tabu la ted  values of average forward cu r -  

r e n t  r a t i n g ,  which a r e  based on 60 Hz half-wave r e c t i f i e d  ac operat ion, can 

be conse rva t i ve l y  increased , b y  25 percent  f o r  dc operat ion.  Each device i s  

i d e n t i f i e d  w i t h  i t s  associated package type (e.g., DO4 o r  DO51 and a repre-  

s e n t a t i v e  value of junc t ion- to -case thermal res is tance i s  l i s t e d  based on 

t h i s  package design. When soldered d i r e c t l y  t o  a f l a t - p l a t e  heat spreader, 

. t h e  thermal res i s tance  measured between the  j u n c t i o n  and the  heat spreader 

cou ld  be expected t o  be lower than the  tabu la ted  value f o r  the  packaged 

d iode con f i gu ra t i on .  

Mounted PN j u n c t i o n  ch ips  a r e  a v a i l a b l e  from Semicon and General Instrument 

as standard product  l i n e s .  However, Schottky diode ch ips  a re  on ly  a v a i l a b l e  

if a product ion  run  i s  underway f o r  packaged u n i t s  us ing  t h i s  die. A m i n i -  

mum order  o f  approximate ly  $500 i s  u s u a l l y  requ i red  by most manufacturers t o  

s t a r t - u p  a l i n e  fo r  a p a r t i c u l a r  Schottky diode c h i p  n o t  i n  stock. Based on 

a survey conducted i n  June 1982, Motorola prov ided the  sho r tes t  response 

t ime  f o r  the  d e l i v e r y  o f  a v a r i e t y  o f  mounted Schottky diode chips. This  

same survey y i e l d e d  the  range o f  mounted c h i p  p r i c e s  g iven i n  Table 3-10 f o r  

an order  q u a n t i t y  o f  1000 u n i t s .  These data i n d i c a t e  t h a t  mounted Schottky 

d iode ch ips  can be expected t o  be approximately double the p r i c e  o f  compara- 

b l y  r a t e d  PN j u n c t i o n  devices. 

Sample q u a n t i t i e s  o f  a v a i l a b l e  diode ch ips  o f  bo th  types were requested from 

a l l  p o t e n t i a l  supp l ie rs .  Eva lua t ion  samples o f  t h e  types l i s t e d  i n  

Table 3-11 were rece ived from four manufacturers. Mounted Schottky diode 

ch ips  were readi l ly  a v a i l a b l e  from Motorola s ince they are  assembled t o  the 

mounting pads and tes ted  as an i n i t i a l  opera t ion  p r i o r  t o  i n s e r t i o n  i n t o  



Table 3-2. Cha rac te r i s t i cs  o f  General Instrument D i ~ d e  Chips 

, 

THERMAL 
RESISTANCE IN  

PACKAGE (JUNCTION TO 
HEAT SINK) 

(OCIWATT) 

2 .O 

1.2 ' 

MAXIMUM 
ALLOWABLE 

: JUNCTIOb 
TEMPERATUFE 

(OC) 

175 

175 

, 

USED I N  
PACWGE TYPE 

(TYP. EXAMPLE) 
AVERAGE FORWARD 

CURRENT 
RAT I NG 

(BASED ON 60 HZ-AC) 
ON HEAT SINK 

(AMPS) 

8 
(Button c e l l  PR4-A 
wi thout  attachment 
t o  copper heat sink 
rdted a t  3 amps) 

---- 
2 5 

(Button c e l l  SOZA-A 
wi thout  attachment 
t o  copper heat sink 
rated a t  6 amps) 

I DENTI F . 
NO. 

I 

PR 4-A 
( 3  amp) 

502A-A 
(6 amp) 

TYPE OF METALLIZED 

PADS 

Nickel p lated copper- 
top and bottom 

Same as above 
1 

-*- 

b 

DIODE 
CHIP 
TYPE 

PNJunct ion 

--- 
P I  Junct ion 

i 

STYLE 

Button 
Ce l l  

B u t t ~ n  
Ce l l  

r 

DIMENSLONS 

Die 
Overa l l  
Height 

---.- 

Die 
Overal l  
Height 

SIZE 

(fnches) 

.112d ia  
. . I58 dia - 

THICKNESS 

(Inches) 

- 
- 
.08G 

.I60 diaj - 
, .220 d ia l  - - 

.086 



Table 3-3. Charac te r i s t i cs  of I n te rna t iona l  R e c t i f i e r  Diode Chips 

*17S°C Junctlon Temperature Chlps Available ( I R  Process 830) 

THERMAL 
RESISTANCE IN 

PACKAGE (JUNCTION TO 
HEAT SINK) 

(OC/WAT~) 

5 .o \ 

2 .O 

1.0 

( 

RAX lMUM 
ALLOWABLE 
JUNCTION 

TEMPERATURE 

(OCJ 

150* 

150* 

150* 

USED IN 
P.1ClaAGE TYPE 

(TIP. EXAMPLE) 
AVERAGE FORWARD 

CURRLNT 
RAT I NG 

(BASED ON 60 HZ-AC) 
ON HEAT SINK 

(AMPS) 

10 

30 

60 

. 

IDEYTQF. 
N~I. 

10TJO:o 
2 5 
40 
4 5 

21FpJO)OE5 
(SO31 I 

SlH.JO95 
(SDjl] 

TYPE I F  METALLIZED 

PADS 

Nickel platec, 
moly~dknum - top 
and bottom 

Sane as abcve 

Sane as abcve 

DIODE 
CHIP 
TYPE 

Schottky 

Schottky 

Schottky 

STYLE 

To 220 

DO4 

005 

IDIWENSIONS 

Die 
Top Pad 
Bottom 

Pad 

Die 
Top Pad 
Bottom 

Pad 

Dle 
Top Pad 
Bottom 

Pad 

SIZE 

(Inches) 

.I25 sq. 

.I00 dia 

.I80 dla 

.I75 sq. 

.I50 dia 

.280 dia 

.ZOO sq. 

.I75 d la  

.250 dla 

THICKNESS 

(Inches) 

.010 
,010 
.010 

.010 

.010 

.010 

.Dl0 

.010 

.010 



Table 3-4. C h a r a c t e r i s t i c s  o f  M/ACON* Diode Chips 

Formerly Hicrowave Associates 

MAXlFZlM 
ALLOWPBLE 
JUNCTION 

TEMPERATURE 

(OC I 

15C 

150 

150 

150 

AVERAGE FORWARD 
CURRENT 

RAT I NG 
(BASED ON 60 HZ-AC) 

ON HEAT SIriK 
(AMPS ) 

5 

15 

30 

60 

TYPE OF METALLIZED 

FADS 

LeadIIndiumlSi l v e r  
solder mound-top 

LeadIIndiumlSi l v e r  
c lad  mlybdenum- 
bottom 

Same as above 

LeadIIn'di um/Si 1 ver 
c l ad  mlybdenum- 
top and bottom 

Same as above 

L 

DIODE 
CHIP 
TYPE 

Schottky 

Schottky 

Schottky 

Schottky 

. THERMAL ' 

RESISTANCE IN 
PACKAGE (JIJNCTION TO 

HEAT SINK) 

(OCIWATT) - 

8 .O 

4 .O 

2 .O 

1 .O 

DIMENSIONS 

USED I F  
PACKAGE TYPE 

(TYP. EXAFPLE) 

Die 
Top Pad 

~ o t t o ~ n  
Pad 

Die 
Top Pad 

Bottom 
Pad 

Die 
Top Pad 
Bottom 

Pad 

Die 
Top Pad 
Bottom 

Pad 
A 

IOENTIF. 
NO. 

I 

MA4D520 

MA4D1520 

SD 41 

SD 51 

STYLE 

DO1 
(Axia l )  

DO4 

W4 

DO5 

SIZE 

(inches) 

.084 sq. 
Solder 
Ba l l  
.I25 d ia  

,112 sq. 
Solder 
B a l l  
. I69 d ia  

.I52 sq. 
,125 dia 
.220 dta 

.216 sq. 

.I69 d ia  
,310 d ia  

THICKNESS 

(Inches) 

.010 

.007 

.010 

.010 

.007 

.010 

.010 

.007 

.010 

,010 
.007 
.010 



Table 3-5. Char .3c te r i s t i cs  o f  Moto ro la  Diode Chips 

+. Chrome Metal Ba r r l e r  Mater la l  
** Pl r t lnum Metal Ba r r l e r  Mater ia l  

MAXIMUM 
ALLONAOLE 
JUNCTION 

TEMPEqATURE 

(OC) 

125 1 

AVEWGE FORWARD 
CURRENT 

RAT1 NG 
(BASED ON 60 HZ-AC) 

ON HEAT SINK 
(MPS) 

15 

TYR OF METlLLIZED 

PADS 

DIODE 
CHIP 
TYPE 

Schottky 

Schottky 

THERMAL 
RESISTANCE IN 

PACKAGE (JUNCTION TO 
HEAT SINK) 

(OC/WATT) 

2.5 Schottky 

DIMENSIONS 

- USED IN 
'PACKAGE TYPE 

(TYP. EXAMPLE) 

2.0 

1 .O 

1 .O 

' 

Die 
Top Pad 
Bottom 
Pad 

Ole 
Top Pad 
Bottom 

Pad - 

. 

ICENTIF. 
FO. 

MPR 1i20 
1530 
1540 

MEF 3520 
35 
45 

SD 41 
MBR 6020 

35 
4 5 

Sb 37 

MBR 7520 
30 
35 
40 
45 

Die 
Top Pad 
Bottom 

Pad 

STYLE 

DO4 

---- 
004 

DO5 

DO5 

SIZE 

(Inches) 

.169sq. 

.I36 d l a  

.230dta  

.200 sq. 

.I76 d i a  

.286 d ia  

THICKNESS 

(Inches) 

.I26 sq. 

. I00 d i a  

.I82 d ia  

.007 

.015 
.010 

.007 
,015 
.0?0 

I 
-007 Nickel plated, 
.015 / 
.010 

Sane as above 

Same as above 

moljbednum - top 
and bottom 

30* 

60** 

7 5 

125 

150 

150 



Tab1 e  3-6. C h a r a c t e r i s t i c s  o f  Semicon Diode Chips 



. Table 3-7. Charac:eristics of.TRW Power Semiconductors 
0 
I 

- .  Diode Chips 
P 

Belhg redesigned - new unft available approximately Jan., 1983 

I 

THERMAL 
RESISTANCE IN 

PACKAGE (JUNCTION TO 
HEAT SINK) 

( 0 ~ / ~ ~ ~ )  

2 

1 

TWE OF METALLiZED 

PAD 5 

Lead,'IndiunJSil~er 
clad molybdknurn - 
tog and bottom 

6old.'(;ermanlum clad 
molybdenum on top.  
Lead'Indiur S i lver  
clad molybdenurri 
on ba~ttom 

0 I ODE 
CHIP 
TYR 

Schot:ky 

*Schottky 

AVERAGE FORWARD 
CURRENT 

RAT I NG 
(BASED ON 60 HZ-Ac) 

ON HEAT SINK 
(AMPS) 

30 

60 

USED I N  
PACKAGE TYPE 

(TYR. EXAMPLE) 

1 

I 

KAX I MUM 
ALLOWABLE 
JUNCTION 

TEMPERATURE 

(OC ) 

150 

150 

. 
IDENTIF. 

NO. 

I 

SW1 

505 1 

DIMENSIONS 

STYLE 

DO4 

DO5 

Die 
Top Pad 
Bottom 
Pad 

Ole 
Top Pad 
Bottom 
Pad 

S I Z E  

!inches) 

.165sq 

.I10 dla 

.240 did 

,211 sq 
-110 dia 
.310 dia 

THICKNESS 

(Rnches) 

.010 

.014 

.014 

.010 

.014 
''I4 



Tab1 e 3-8. Characteristics of Uni trode Diode Chips 

THERMAL 
RESISTANCE IN  

PACKAGE (JUNCTION TO 
HEAT SINK) 

( O C / W A ~ )  

2.8 

2.0 

MAX I MUMi 
ALLOWABLE 

JUNCTION 
TEMPERATURE 

(OC) 

150 

- 
150 

150 

USED I N  
PACKAGE TYP.E 

(TYP. EXAMPLE) 
AVERAGE FORWARD 

CURRENT 
RATING 

(BASED ON 60 HZ-AC) 
ON HEAT SINK 

(AMPS) 

8 

30 

60 

. . .- .. . 

IDENTIF. 
NO. 

USD 720 
735 
745 

SD 41 

SD 51 

TYPE OF METALLIZED 

PADS 

Lead/Indlurn/Si 1 ver 
c lad  molybdenum - 
top and bottom 

Sam! as above 

Same as above 

DIODE 
ClllP 
TYPE 

Schottky 

Schottky 

Schottky 

- . 

STYLE 

TO220 

DO4 

005 

DIMENSIONS 

Die 
Top Pad 
Bottom 

Pad 

Die 
Top Pad 
l o t t om 

Pad 

Die 
Top Pad 
Bottom 

Pad 

SIZE 

(Inches] 

. I13 sq. 

.067 d l  

. 1 4 0 d l \  

I 

.I57 sq 

. I20 dia 

.I80 dfa 

.I83 sq 

.140dla 

.320 d ia  

TIIICKNFSS 

(Inches) 

.Dl0 

.Dl4 

.014 

:., .010 
: .Dl4 
' .Dl4 

.Dl0 

.Old 

.Dl4 



Table 3-9. C h a r a c t e r i s t i c s  o f  Varo Diode Chips 

THERMAL 
RESISTANCE IN  

PACKAGE (JUNCTION TO 
HEAT SINK) 

(OCIWATT) 

2.5 

2 -0 

1 .O 

MAX I MUM 
ALLOWABLE 
JUNCTION 

TEMPERATURE 

(OC) 

150 

150 

150 

USED IN 
PACKAGE TYPE 

(NP.  EXAMPLE) 
AVERAGE FORWARD 

CURRENT 
RAT1 NG 

(BASED ON 60 HZ-Ac) 
ON HEAT SINK 

(AMPS) 

15 

30 

60 

IOENTIF. 
NO. 

I 

VSK1520 
1530 
1540 

VSK3020 
3030 
3040 

VSK6020 

TYPE OF METALLIZED 

PADS 

Lead/Tin/Si 1 ver 
c lad  copper - top 

Lead/Tin/Si 1 ver 
c l ad  molybdenum - 
bottom 

Lead/Tin/Sllver 
c l ad  molybdenum - 
top and bottom 

Same as above 

DIODE 
CHIP 
TYPE 

Schottky 

Schottky 

Schottlry 

STYLE 

004 

DO4 

DO5 

/ 

DIMENSIONS 

Die 
Top Pad 
Rottom 

Pad 

Die 
Top Pad 
Bottom 

Pad 

Die 
Top pad 
~ o t t o m  

Pad 

SIZE 

(inches) 

. I30  sq. 

. I05 dia.  

.200 dia.  

. I60  sq. 

. I40 dia. 

.iB5 dla.  

.ZOO sq. 

.T75 dla. 

.285 dfa. 

THICKNESS 

(inches) 

.Dl5 

.Dl5 
'01 

.015 

.015 

.015 

,015 
.015 
.015 



Table 3-10. Mounted Diode Chip U n i t  Pr ices  (1982 $/Device) 

Based on a Q u a n t i t y  o f  1000 Un i t s  

Table 3-1 1. Mounted Diode Chips Received 

as Samples f o r  Eva lua t ion  

Diode Type 

PN Junction (VR = 50V) 

Schottky (VR = 20V) 

standard package types. Seinicor~ pr-oduues a complete l lne o f  mounted type PM 

and Schottky diodes and supp l ies  a market i n  these spec ia l  u n i t s .  General 

Instruments a l so  produces some mounted PN diodes t h a t  a re  r e a d i l y  a v a i l a b l e  

from stock. The Schot tky u n i t s  rece ived from M/A-CON happened t o  be a v a i l  - 
ab le  from previous orders f o r  packaged u n i t s .  A t  the  t ime o f  the  request  

M/A-CON process l i n e s  f o r  these u n i t s  were n o t  i n  operat ion.  

Forward Current Rating (Amperes) 

* 

Manufacturer 

~ e n e i a l  Inst rument  

M/A-CON 

Motorola 

Semi con 

7 

Other p o t e n t i a l  suppl i e r s  o f  mounted ch ips  i e .  , TRW, I n t e r n a t i o n a l  

R e c t i f i e r ,  Uni t rode and Varo) cou ld  n o t  p rov ide  sample u n i t s  f o r  one o r  

another of the  f o l l o w i n g  reasons: (1 u n i t s  were n o t  a v a i l a b l e  from stock, 

( 2 )  no product ion  orders  f o r  packaged diodes us ing  t h e  same d i e  were i n  pro-  

cess a t  the  t ime o f  t he  request,  (3 )  d ies  were a v a i l a b l e  b u t  the  assembly 

12 

0.30-0.50 

- 

Diode Chip 
TY pe 

PN Junc t ion  

Schottky 

Schottky 

PN Junc t ion  

Schot tky 

15 

- 

1 .OO-2.00 

Average Forward 
Current  Rat ing 

(Amperes ) 
4 

8, 25 

30 

15, 30, 60, 75 

6, 12, 20, 40, 50 

15, 30, 75 

20 

0.60-0.80 

- 

60-75 

- 
2.25-3.50 

30 

- 

1.50-2.50 

40-60 

1.20-1.80 

- 



of t h e  metal pads, which i s  normal ly  done as p a r t  o f  t he  packaged diode pro- 

cess run, would r e q u i r e  a  specia l  set-up cos t i ng  a t  . l e a s t  $500. 

3.3 DIODE PERFORMANCE CHARACTERISTICS 

3.3.1 CURRENT-VOLTAGE CHARACTERISTICS 

Reverse and forward cha rac te r i  s t i c s  o f  the  sampl e  diodes were evaluated 

us ing  a  Tekt ron ix  Curve Tracer, Model 576, and a  Pulsed High Current 

F i x t u r e ,  Model 176 (100 ampere capac i ty ) .  A1 1  the  u n i t s  met o r  exceeded 

t h e i r  reverse b lock ing  vo l tage ra t i ngs .  Schottky ch ips  exh, ib i ted b lock ing  

vo l tages from 15 t o  50 v o l t s .  The PN j u n c t i o n  chips, randomly selected from 

e x i s t i n g  stock by t h e  manufacturers, exh ib i ted  reverse b lock ing  voltages as 

h i g h  as 1000 vo l t s .  The PN j u n c t i o n  manufacturing process Ss usua l l y  

ta rge ted  t o  y i e l d  maximum reverse voltages, w i t h  a  se lec t i on  operat ion used 

t o  segregate the  u n i t s  i n t o  var ious  vo l tage l e v e l s  down t o  50 v o l t s .  The 

lower r a t e d  reverse vo l tage u n i t s  are usua l l y  t h e  lowest  prSced. 

Forward c u r r e n t  versus forward vol tage drop t races were obtained f o r  each 

u n i t  and recorded us ing a  Po la ro id  camera attachment t o  t h e  Tektronix Curve 

Tracer. A l l  t h e  t races  were r e p l o t t e d  on a  s i n g l e  graph, as presented i n  

F igure  3-5, t o  pe rm i t  a  comparlson o f  t he  var ious manufacturer 's  o f fe r i ngs .  

It should be po in ted o u t  t h a t  t he  data presented i s  based on one ch ip  o f  

each type. However, i n  a  few cases, more than one c h i p  o f  a  p a r t i c u l a r  type 

was t e s t e d  as a  v e r i f i c a t i o n  t h a t  ch ips  from t h e  same manufacturer 's l o t  ex- 

h i b i t  c l o s e l y  matched forward c h a r a c t e r i s t i c s .  

Schot tky u n i t  forward vo l tage drops are somewhat l ess  than h a l f  t h a t  o f  a  PN 

j u n c t i o n  diode i n  t h e  2  t o  20 ampere range of i n t e r e s t  f o r  t h i s  program. 

The data presented i n  F igure 3-5 was obtained a t  room temperature w i t h  

j u n c t i o n  temperature r i s i n g  on ly  s l i g h t l y  dur ing  the  sho r t  du ra t i on  t e s t  

c u r r e n t  pu l  se. At t h e  h igher  opera t ing  j u n c t i o n  temperatures, the  forward 

vo l tage drop decreases f o r  both t h e  PN and Schottky diodes. 

A  comparison o f  t h e  Semicon and General Instrument PN j u n c t i o n  u n i t s  i n -  

d i ca tes  a  c lose  match o f  forwa-rd vo l tage drops f o r  t he  range o f  cu r ren ts  

shown. For the  Schottky devices, Motorola u n i t s  e x h i b i t  somewhat lower 

forward vo l tage drops than the  Semicon dies. The 30 ampere M/A-CON Schottky 
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Figure 3-5. Forward Current - Voltage Characterist ics o f  Mounted 
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device yielded the highest voltage drop o f  any o f  the Schottky diodes 

eval uated. 

3.3.2 THERMAL RESISTANCE 

Representative diodes o f  both types from two manufacturers were soldered t o  

simulated cathode heat spreader plates t o  serve as t e s t  specimens f o r  the 

measurement of junction-to-heat spreader thermal resistance as described i n  

Appendix A. As shown i n  Figure 3-6 these t e s t  a r t i c l e s  consisted of the 

pad-mounted chips o f  the various types soldered t o  0.5x1.5x0.032 inch th ick 

nickel  -plated copper cathode heat spreader p l  ates wS t h  short anode 1 ead 

straps t o  accommodate the t e s t  equipment. The t e s t  results, as sumnarized 

i n  Table 3-12 reveal t ha t  the junction-to-heat sink thermal resistance i s  

generally below 1 .oOc/watt for a l l  devices wi th  the higher values being 

associated wi th  the smaller u n i t  sizes. The PN junct ion diodes exhibited a 

somewhat more consistent decrease i n  thermal resistance wi th  i ncreased chip 

size than the Schottky devices. This can probably be a t t r ibu ted  t o  the 



Figure  3-6. Typical  Thermal Resf stance Test A r t i c l e s  

Table 3-1 2. Comparison o f  Diode Chip Thermal Resistance Values 

* Inc ludes t h e  thermal res is tance o f  a grease i n t e r f a c e  between t h e  
cathode p l a t e  and t h e  heat s ink.  The ca lcu la ted  thermal res is tance 
o f  t h i s  i n t e r f a c e  i s  0.3oC/watt based on nominal values f o r  contac t  
area and grease f i l m  thickness. 

- 

DIODE TYPE 
AND 

MANUFACTURER RATING 

THERMBL RESlS TANCt 
.JlJNCTlflN-Tn-RINK (OCIWATT) 

SEMICON 
SEMICON 
SEMICON 
SEMICON 

MOTOROLA 
MOTOROLA 
MOTOROLA 
MOTOROLA 

SEMICON 
SEMICON 
SEMICON - 

STANDARD 
PACKAGED UNIT 

(TYP. PACK. TYPE) 

2.5 (004) 
1.0 (DO211 
1.0 llD05) 
1.0 (DO51 

2.5 (DO41 
2.0 (DO41 
1.0 (DO51 
1.0 (D05) 

2.5 (AXIAL) 
1.5 (004) 
0.65 (DO51 

PN - 12A 
PN - 20A 
PN - 40A 
PN - 50A 

SCHOTTKY - 1 SA 
SCHOTTKY - 30A 
SCHOTTKY - 60A 
SCHOTTKY - 75A 

SCHOTTKY - 15A 
SCHOTTKY - 30A 
SCHOTTKY - 75A 

PAP MOVNTED CHIP 
SOLDERED TO * 

CATHODE PLATE 

0.97 
0.95 
0.61 
0.50 

0.78 
0.79 
0.79 
0.45 

0.84 
0.72 



be t te r  solder connections t o  the cathode p la te  f o r  these devices as compared 

t o  the Schottky diodes which proved more d i f f i c u l t  t o  solder. As ind icated 

i n  the tab le  the measured thermal resistance values were considerably lower 

than the pub1 ished values f o r  the standard packaged un i t ,  containing the 

same ch ip  type and ra t ing.  

3.3.3 SOLDERABILITY 
The so lde rab i l i t y  o f  the mounted diode c e l l  t o  the cathode heat spreader 

p l a te  and t o  the anode lead s t rap was evaluated by the assembly o f  numerous 
samples o f  the type used f o r  the thermal resistance measurements. The fab- 

r i c a t i o n  o f  these t e s t  a r t i c l e s  proved t o  be a valuable vehic le f o r  the 

development of solder ing techniques appl i cab l  e t o  j o i n i n g  the diode c e l l  

terminals t o  the cathode heat spreader p l a te  and t o  the anode lead strap. 

An i n e r t  atmosphere solder ing process was selected t o  prevent any possible 
oxidat ion t h a t  could e f f e c t  the thermal i n t e g r i t y  o f  the cathode solder 

j o i n t  by producing voids i n  t h i s  c r i t i c a l  inter face. The equipment p ic tu red  
i n  Figures 3-7 and 3-8 was used t o  solder a l l  thermal resistance and p u l l  

t e s t  a r t i c l es .  The specimen t o  be soldered was placed on a temperature- 

con t ro l l e r  carbon heater p l a te  and held by a spr ing loaded clamp containing 

a thermocouple probe. A glass b e l l  j a r  enclosure was used t o  contain a 

forming gas (15 percent hydrogen and 85 percent n i t rogen) atmosphere around 

the components dur ing the automatic soldering operation. Solder f o i l  pre- 

forms w i th  a nominal thickness o f  0.003 inches were inser ted between the 

diode chips and the cathode and anode mating components. A Sn62 solder con- 

pos i t ion  (62 percent t i n ,  36 percent lead and 2 percent s i l v e r )  was used 

w i th  s i l v e r  p la ted mating surfaces since t i n  tends t o  scavange s i l v e r  from - 

the p l  ated surfaces. Low percentage s i l  ver bearing sol ders overcome t h i s  

problem since the s o l u b i l i t y  of s i l v e r  i n  t i n  i s  approximately 3 percent a t  

the required processing temperature. Sn62 preforms were used w i t h  both the 

Semicon PN junc t ion  devices (which have s i l ve r -c lad  aluminum pads) and the 

Semicon Schottky devices (which have s i lver - f lashed n icke l  c lad  molybdenum 

pads) whether o r  no t  the cathode and anode mating components were s i l v e r  

plated. A Sn60 solder composition (60 percent t i n  and 40 percent lead) was 

used for  a l l  j o i n t s  not  invo lv ing  s i l v e r  p la ted surfaces a t  e i t h e r  in ter face.  



Figure 3-7. Inert Atmosphere Sol dering Unit 

Figure 3-8. Diode/Heat Sink Unit Mounted on Heater Plate 
of Inert Atmosphere Soldering Unit 



Soldering temperatures should be 40°C t o  70°C higher than the melt ing 

p o i n t  of compositions used (183 '~ f o r  Sn60 and 179 '~  f o r  Sn62) t o  insure 

proper melt ing o f  the solder. The highest temperatures were found necessary 

w i th  the Schottky diodes t h a t  have molybdenum pads. Consequently t i n  p lated 

mating components can experience t i n  r e f l  ow a t  temperatures above 2 3 2 ' ~ ~  

and expose copper surfaces. Therefore, where t i n  p l a t i n g  i s  desired because 

o f  i t s  exce l lent  so lde rab i l i t y  and low cost, care must be exercised during 

processing t o  insure soldering temperatures below 2 3 0 ~ ~ .  For the Schottky 

devices used as t e s t  a r t i c l es ,  n icke l  proved most appl icable because o f  the 
temperature l i m i t s  associated w i t h  the t i n -p la te  and the higher costs of 

s i l v e r  p la t ing.  For nickel-plated components, i t  was found advantageous t o  
l i g h t l y  burnish the immediate areas t o  be soldered ( inc lud ing the diode 

pads, i f  nickel-plated) using an ordinary penci l  eraser t o  remove any pos- 

s i b l e  oxide f i lms. 

When the diode ch ip  pads already had a solder cladding appl ied t o  the ex- 

posed surface o f  the pad (e.g., the M/A-CON Schottky molybdenum pads c lad 

w i t h  a 92% lead, 5% indium, 2% s i l v e r  solder) no addi t iona l  preforrils were 

used. The c lad solder should be reflowed a t  a temperature somewhat above 

the mel t ing temperature o f  the appl ied solder. A M/A-CON Schottky diode was 

successful l y  bonded t o  n icke l  -plated cathode/anode mating components a t  a 

r e f l  ow temperature o f  approximately 330'~. The po ten t ia l  problem w i t h  re-  

flow i s  t h a t  the ch ip  i s  a l  ready bonded t o  the molybdenum pad w i t h  the same 

solder cladding which a1 so ref lows and care must be taken t o  avoid a s h i f t  
o f  the chips and molybdenum pad. 

I n  the  i n i t i a l  experiments no f l u x  was used i n  the soldering process since 

most f luxes s t a r t  t o  polymerize a t  approximately 250°c, harden and become 

d i f f i c u l t  t o  remove. If f l u x  i s  l e f t  i n  the v i c i n i t y  o f  a semiconductor, 

migrat ion of chemicals i n  the f l u x  can take place and det r imenta l ly  react  

w i t h  the device. Manufacturers o f  the pad mounted type diode chips do not  
use f luxes since high lead solders t h a t  me l t  above 300% are used t o  j o i n  

the pads t o  the chip. Moreover, the automatic d i e  bonding machines i n  the 

semiconductor industry have vacuum too l  holding devices t h a t  permit  con- 

t r o l l e d  movement o f  the par ts  being soldered which provides scrubbing act ion 

and consequently good solder wett ing wi thout the need f o r  a f lux .  However, 

the use of a small amount o f  non-activated f l u x  (e.g. Alpha 100 o r  



Kester 115) has been found t o  enhance the so lde rab i l i t y  p a r t i c u l a r l y  w i t h  

n icke l  -plated components. Since sol  dering temperatures are be1 ow 250'~ no 

polymerization of the f l u x  should occur and any f l u x  residue can be read i l y  
removed w i t h  reagent alcohol i n  an u l t rason ic  bath. 

3.3.4 JOINT INTEGRITY TESTING 

A number o f  soldered t e s t  a r t i c l e s  were subjected t o  an anode p u l l  and 
cathode/chip shear t e s t  t o  determine j o i n t  s t ruc tu ra l  i n teg r i t y .  The 

I ns t ron  t e n s i l e  t es te r  p ic tu red  i n  Figure 3-9 was used f o r  the anode lead 

p u l l  t e s t s  whi le  the Anza Tech machine shown i n  Figure 3-10 was used t o  ap- 

p l y  the hor izonta l  torce t o r  the djode shear tests.  

Results of these t e s t s  are presented i n  Table 3-13. Two uni ts,  a Semicon 30 
amp Schottky and a Semicon 20 amp PN junc t ion  device, f a i l e d  a t  less than 1 

l b .  force whi le  a l l  o ther  specimens exh ib i ted lead strengths comparable t o  
t h a t  achieved w i t h  s i m i l a r l y  sized so lar  c e l l  interconnector s t r ips .  Ex- 

amination o f  f rac tured surfaces o f  these two u n i t s  indicated some small 
voids which are charac te r i s t i c  o f  incomplete solder wett ing o f  the 

surfaces. As ant ic ipated,  the la rger  the anode lead solder contact area, 

the  greater the  p u l l  force t o  e f f e c t  a fa i lu re .  Two s im i l a r  sets o f  Semicon 

PN j unc t ion  diodes (20  amp and 50 amp devices), one se t  w i th  t in -y ld ted  and 

the other  w i th  n icke l  -p lated mating components, indicated somewhat superior 

anode holding strength f o r  the t in -p la ted  uni ts.  This probably can be a t -  
t r i b u t e d  t o  t he  f a c t  t h a t  f l u x  was not  used w i t h  these f i r s t  n ickel-plated 

u n i t s  thereby reducing the i n t e g r i t y  o f  the solder bond. 

A11 subsequent n icke l  p la ted t e s t  a r t i c l e s  were soldered using non-activated 
f lux .  Tinned f l a t  b ra id  and t inned round copper wi re  anode lead t e s t  

a r t i c l e s  ySel ded p u l l  t e s t  r esu l t s  comparable t o  the rectangular copper 

f o i l s .  The 0.040" diameter round wire (AWG18) exh ib i ted excel l e n t  p u l l  

s t rength (2.5 lbf . )  f o r  i t s  s i ze  due t o  the bui ld-up o f  a solder f i l l e t  

around a major po r t i on  o f  i t s  periphery. 

The ch ip  push (o r  shear) t es t s  resu l ted i n  no bond f ractures when the maxi- 

mum machine capaci ty o f  11 l b f  was applied. 



Figure 3-1 0. Diode Chi p/Cathode Plate Shear Test 



Ta l l e  3-13. Anode Pu l l  Test Results 

Examination 1ndica:ed Poor Solcer Wetting o f  Bonded Surfaces 

** Reflawed Lead/Indim/Silver Solder Clad t o  Diode Metallized Pads t o  Attach t o  Cathode and 
Anode Components (3300C Soldering Temp. ) 

C 

Manufacturer 

Semi con 

Semi con 

Motorola 

Motorola 

Semi con 

Semi con 

Semi con 

Semi con 

MIA-Con** 

Semi con 

Semi con 

I 

Type O f  
Diode 

SchottC.y 

Schottky 

Schottky 

Schottky 

PN Junction 

PN Junction 

PN Junction 

PN Junction 

Schottky 

PN Junction 

PN Junction 

Avg. Fohard 
Current Rating 

(Amps 1 

30 

15 

60 

7 5 

20 

50 

20 

50 

30 

12 

12 

Copper 
Anode/ 
Cathode 
Plat ing 

S i  1 ver 

Si lver 

Nickel 
Cathode 

Ni ckel 

Tin 

Tin 

Nickel 

Nickel 

Nickel 

Nickel 
Cathode 

Sl 1 ver 
Cathode 

t 

Anode 
Dia. o f  
Mounted 

Chip 
(Inches) 

.220 

.I40 

.I36 

.I76 

.I40 

.240 

,140 

.240 

.I25 

.I20 

.I20 

4node Lead 
Size 

(Inches) 

.010 Thk x 
.I70 Width 

.010 x .I25 

.WO x .I87 
Tinned Cu Braid 

.0131 x .I70 

.C10 x ,125 

.CTO x .I70 

. C i O  x ,125 

. C l O  x .'70 

.C10 x .:25 

.C20 x .093 
Tinned Cu Braid 

AWG 818 2.040" dia) 
Tinned Cu Wire 

Vert ical 
Pul l  Force 
To Fai 1 ure 

O f  Anode Lead 
Solder Jo in t  (1 be) 

0.74* 

2.55 

2.20 

3.15 

1.75 

2.55 

0.65* 

1.90 

1.70 

1.20 

2.50 



3.4 DIODE PACKAGING CONSIDERATIONS 

3.4.1 GENERAL REQUIREMENTS 

The d i s s i p a t i o n  o f  the  heat generated w i t h i n  t h e  small diode c h i p  when con- 

duc t i ng  the  bypass c u r r e n t  represents the  most d i f f i c u l t  design problem i n -  

vo lved w i t h  the  i n t e g r a t i o n  o f  these ch ips  w i t h i n  the  module encapsulant. 

It i s  a l s o  essen t l a l  t h a t  the  th ickness o f  t he  package t o  be laminated along 

w i t h  the s o l a r  c e l l  c i r c u i t  be kept  as small as poss ib le  t o  assure confor-  

mance of  t he  r e a r  cover sheet w i t h  the  minimum use o f  encapsulant mater ia l .  

These requirements combine t o  d i c t a t e  t h a t  the  diode c h i p  be mounted t o  a 

t h i n  heat  spreader p l a t e  which i s  f ab r i ca ted  from a ma te r ia l  o f  h igh  thermal 

conduc t i v i t y .  

I n  t h i s . \ v a y  i t  i s  poss ib le  t o  main ta in  an acceptably low j u n c t i o n  tempera- 

t u r e  by t r a n s f e r r i n g  the  heat from t h i s  small source through the  f i n  created 

by the  p l a t e  and on o u t  i n t o  the  adjacent  s o l a r  c e l l  c i r c u i t  elements where 

i t  can be u l t i m a t e l y  r e j e c t e d  t o  the  surroundings by r a d i a t i o n  and con- 

vect ion.  The s i z e  of the heat  spreader p l a t e  requ i red  t o  produce the  

s p e c i f i e d  temperature l e v e l  w i t h i n  the  laminate w i l l  depend on the diode 

heat  generat ion as we l l  as on the i n s o l a t i o n  l e v e l ,  ambient temperature, 

wind speed and d e t a i l s  o f  the  module mounting arrangement. The most l o g i c a l  

mounting l o c a t i o n  f o r  t h i s  p l a t e  i s  d i r e c t l y  behind the s o l a r  c e l l  c i r c u i t  

where the  requ i red  f i n  area can .be encapsulated w i t h o u t  inc reas ing  the  e$- 

posed module area. This  mounting arrangement w i l l  gene ra l l y  r e q u i r e  t h a t  

t he  heat  spreader p l a t e  be e l e c t r i c a l l y  i nsu la ted  from the  r e a r  sides o f  the 

s o l a r  c e l l  c i r c u i t ,  s ince the  p l a t e  s i ze  and/or mounting l o c a t i o n  may 

r e q u i r e  the  p l a t e  t o  s t r a d l e  c e l l s  o f  d i f f e r e n t  p o t e n t i a l s  w i t h i n  the c i r -  

c u i t .  S i m i l a r l y  i t  w i l l  be necessary t o  i n s u l a t e  the  anode lead  from the  

r e a r  s ide  of the s o l a r  c e l l  c i r c u i t .  The l o c a t i o n  o f  t he  'd iode/heat  

spreader p l a t e  should consider  t he  ease o f  making both  the  anode and cathode 

connect ions t o  the  c i r c u i t  terminat ions.  I f  pos i t i oned  p rope r l y  the  heat 

spreader p la te ,  which i s  t he  diode cathode, can a l s o  f u n c t i o n  as t h e  c i r c u i t  

p o s i t i v e  te rminat ion .  

3.4.2 ENCAPSULANT MATERIALS 

E x i s t i n g  module design data was reviewed t o  de f i ne  t y p i c a l  encapsulant 

ma te r i a l  s, a1 ong w i t h  the  associated cons t ruc t i on  and processing procedures 

from the  standpoint  o f  i d e n t i f y i n g  the  impact on the  diode/heat spreader 



design. The most comnonly used p o t t a n t s  today a re  s i l i c o n e  rubber (RTV 615 

and Sylgard 184), p o l y v i n y l  b u t y r a l  (PVB) and ethy lene v i n y l  acetate (EVA). 

PVB and EVA a re  app l i ed  as f i l m s ,  w h i l e  s i l i c o n e  rubber i s  a cas t i ng  type 

m a t e r i a l .  S i l i c o n e  rubber syrup i s  poured i n t o  a PV module a t  room tempera- 

t u r e ,  c u r e d f o r  6 hours, and then hea ted  t o  approximately 90°C f o r  an ad- 

d i t i o n a l  hour. Operat ing temperatures considerably i n  excess of 1 5 0 ' ~  a r e  

poss ib le  w i t h  cured s i l i c o n e  rubber w i thou t  degrading t h e  po t tan t .  EVA f i l m  

i s  cured a t  1 5 0 ' ~  f o r  approximately 15 t o  20 minutes, b u t  has a lower 

maximum opera t ing  temperature o f  1 3 0 ~ ~ ,  es tab l ished by the  r e s u l t s  of a 

cont inuous 400. hour t e s t  r e c e n t l y  completed by Spr i  ngborn Laboratory [4]. 

PVB .is handled i n  a sS ie t i la r  fitannet- t o  EVA and i s  thermoset a t  approx.ima.l:ely 

t h e  same temperature. 

EVA has received the  w ides t  acceptance o f  t he  p o t t a n t s  described above, and 

t h e r e f o r e  i s  recommended f o r  use i n  t h i s  program. Since EVA has the  lowest  

maximum opera t ing  temperature o f  the  commonly used pot tan ts ,  successful ap- 

p l i c a t i o n  o f  an encapsulated diode/heat spreader w i t h  EVA should r e a d i l y  

p e r m i t  i t s  a p p l i c a t i o n  w i t h  the  o the r  candidate po t tan ts .  Thus, f o r  s a t i s -  

f a c t o r y  performance i n  an EVA encapsulated module the  diode/heat spreader 

assembly should n o t  p resent  con tac t  temperatures t o  the EVA i n  excess of 

. 1 3 0 ~ ~ .  Ma te r i a l  se lec ted  f o r  i n s u l a t i n g  the diode/heat spreader must be 

capable o f  adherence t o  t h e  EVA, and i n  add i t i on ,  be capable o f  wi thstanding 

t h e  1 5 0 ~ ~ .  20 minute cure  cyc le .  

3.4.3 D IODEIHEAT SPREADER CONFIGURATION 

3.4.3.1 General Desc r ip t i on  

The d i o d e h e a t  spreader c o n f i g u r a t i o n  shvwr~ .in Figure  3-11 cons i s t s  o f  a 

diode c e l l  so ldered t o  the  center  o f  an appropr ia te ly -s ized cathode heat 

spreader p la te .  A narrow copper f o i l  anode lead i s  soldered t o  the  top  of 

t h e  d iode c e l l  and e x i t s  t o  t he  s ide  w i t h  a l eng th  as requ i red  t o  reach. the 

p o i n t  o f .  attachment t o  t h e  s o l a r  c e l l  c i r c u i t  te rminat ion .  An i n s u l a t i o n  

tape i s  at tached to t he  underside o f  bo th  t h i s  f o i l  s t r i p  and the  heat 

spreader p l a t e  t o  e l e c t r i c a l l y  i s o l a t e  these elements from t h e  r e a r  s ide  of 

4. Telephone conversat ion w i t h  Paul B. W i l l i s ,  J u l y  28, 1982 

3-28 
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Figure 3-1 1 .  Diode/Heat Spreader Configuration 

the solar cel l  c i rcu i t .  The assembly is  completed by the instal la t ion of a 
si l icone foam tape thermal barr ier  layers around the diode cel l  t o  prevent 
the EVA encapsulant from contacting the diode body which will be somewhat 
hotter than the adjacent heat spreader plate. This foam tape barr ier ,  which 
i s  configured in two layers to completely surround the diode c e l l ,  a1 so. 
functions to  ease the -conformance of the rear cover sheet during module 
lamination i n  tha t  no abrupt changes i n  thickness are encountered as the 
rear cover sheet i s  forced down by the laminator diaphragm. 

3.4.3.2 Cathode Heat Spreader Plate 
The. s ize and thickness of the square cathode heat spreader plate i s  

dependent on the diode heat dissipation requirement as  discussed i n  Section 
3.5. Candidate materials for  t h i s  heat spreader include copper and aluminum 
w i t h  pertinent properties as summarized i n  Table 3-14. When i t s  superior 
thermal conductivity i s  coupled w i t h  i t s  bet ter  solderabili ty,  copper i s  the 

preferred material for  t h i s  appl ication. However, the relatively high cost 



Table 3-14. Proper t ies  o f  Candidate 

Heat Spreader P l a t e  Ma te r i a l  s  

of copper c louds t h i s  i ssue and makes the  choice between copper and aluminum 

more d i f f i c u l t .  The p l a t i n g  requ i red  f o r  each ma te r ia l  i s  an important  con- 

s i d e r a t i o n  i n  t h i s  s e l e c t i o n  process.. A t i n  o r  n i c k e l  p l a t i n g  i s  requ i red  

t o  p r o t e c t  the  copper from co r ros ion  and a  s i l v e r  or t i n  p l a t i n g  i s  

necessary t o  improve the  s o l d e r a b i l i t y  o f  the  aluminum. The u l t i m a t e  

s e l e c t i o n  between these two ma te r ia l  op t ions  i s  thus a  s t rong func t i on  of 

t h e  p l a t e  s i z e  and th ickness as w e l l  as the  sur face prepara t ion  requ i red  f o r  

co r ros ion  p r o t e c t i o n  o r  so l  derabi  1  i ty. Copper was used i n  a1 1  experimental 

work under t h i s  cont rac t ,  b u t  the  d e t a i l e d  c o s t  ana lys i s  described i n  

A1 umi num 

(1100-0) 

271 0  

222 

2.9 

68.9 

90 

24x 1  o - ~  

Property  

Dens i ty  ( k g h 3 )  

The~mal  Conduct iv i  t.y a t  ZU'C 

'(W/m K )  

E l e c t r i c a l  R e s i s t i v i t y  a t  . 2 0 ' ~  (pohm-cm) 

Modulus o f  E l a s t i c i t y  (GPa) 

Tens i l e  S t rength  (MPa) 

Average C o e f f i c i e n t  o f  
0 -1 Thermal Expansion ( C 

Copper 

( C10200) 

8940 

391 

1.72 

117.2 

248 
( H a l f  -hard temper) 

18x1 o ' ~  
(20 t o  3 0 0 ~ ~ )  



Sect ion 3.7 evaluated the  c o s t  impact o f  both p o t e n t i a l  heat  spreader 

ma te r i a l  s. 

3.4.3.3 Anode Lead 

Copper f o i l  s t r i p s  a re  the  obvious choice f o r  the  anode conductors, b u t  the  

s e l e c t i o n  o f  conductor c ross-sec t iona l  area f o r  a g iven bypass c u r r e n t  

requirement i s  n o t  as s t ra igh t fo rward .  Power d i s s i p a t i o n  per  u n i t  o f  con- 

duc tor  sur face area i s  perhaps the  bes t  choice f o r  a s i z i n g  c r i t e r i o n  s ince 

i t  can be d i r e c t l y  r e l a t e d  t o  the  conductor temperature i n  t he  encapsulant 

laminate. As the  cross-sect ional  area i s  reduced the  power d i s s i p a t i o n  per  

u n i t  of exposed conductor surface area increases causing the  conductor 

temperature t o  increase f o r  a constant  cur ren t .  . This  increase i n  anode lead 

res i s tance  a l s o  causes an increased forward vo l tage drop which increases the  

c i r c u i t  power l o s s  when the  diode i s  requ i red  t o  f u n c t i o n  as a bypass path. 

Ava i l ab le  s o l a r  c e l l  "hot-spot"  heat ing  data C51, which r e l a t e s  the  

l o c a l i z e d  temperature r i s e  above ambient t o  the  t o t a l  power dens i ty  ( i n -  

s o l a t i o n  p l u s  e l e c t r i c a l  heat ing)  i n t o  the  hot-spot region, can be used t o  

est imate the  r i s e  i n  temperature f o r  t he  embedded f l a t  anode lead. Thus, 

f o r  an assumed 5 0 ' ~  r i s e  above ambient, the  s o l a r  c e l l  hot-spot  tempera- 

t u r e  data y i e l d s  an area l  power dens i ty  o f  70 mw/cm2 as t h e  i n t e r n a l  

e l e c t r i c a l  heat ing  1 oad. Assuming a 4 0 ' ~  worst  case ambient temperature 

w i t h  a 0.125 i nch  (3.2 mm) anode s t r i p  w id th  and a 35:l s t r i p  w id th- to -  

th ickness r a t i o ,  the r e s u l t i n g  permiss ib le  conductor c u r r e n t  dens i ty  i s  
2 12,000 amperes per  i n  . This value can be used t o  bound the  lower l i m i t  

o f  c ross-sec t iona l  area requ i red  t o  c a r r y  a s p e c i f i e d  bypass cur ren t .  Lower 

c u r r e n t  d e n s i t i e s  w i l l  reduce the l ead  power d i s s i p a t i o n  and vo l tage drop a t  

t he  expense o f  increased copper cost.  

3.4.3.4 I n s u l a t i n g  Tapes 

Candidate ma te r ia l s  f o r  t he  i n s u l a t i o n  o f  the  s ide  o f  t he  cathode heat 

spreader p l a t e  and anode lead  s t r i p  f a c i n g  the  s o l a r  c e l l  c i r c u i t  inc lude 

commecial ly-avai lable e l e c t r i c a l  i n s u l a t i n g  pressure-sens i t i ve  adhesive tapes 

5. "Fl  a t -Pl  a t e  Photovol t a i c  Module and Array ~ i r c u i  t Design Opt imizat ion - 
Workshop Proceedings", JPL, March 31 and A p r i l  1, 1980. 



o f  two types. F i l m  c a r r i e r s  o f  po l yes te r  (130 '~  continuous r a t i n g )  and 

Kapton ( 1 8 0 ~ ~  cont inuous r a t i n g )  a r e  a v a i l a b l e  i n  a 3.5 m i l  t h i c k  (2  m i l  

f i l m  p l u s  1.5 m i l  adhesive) tape o f  var ious  widths. I n  e i t h e r  case, the  2 

m i l  t h i c k  c a r r i e r  f i l m  should provide considerably more d i e l e c t r i c  s t rength  

than requ i red  as we1 1 as p rov id ing  adequate mechanical p r o t e c t i o n  against  

pene t ra t i on  by b u r r s  on the  s o l a r  c e l l s  o r  copper connector s t r i p s .  A 

p o l y e s t e r  tape (CHR No. M99) was selected based on i t s  acceptable tempera- 

t u r e  r a t i n g  and lower c o s t  compared t o  the  Kapton f i l m .  

A f l e x i b l e ,  s i l  icone rubber sponge tape mate r ia l  w i t h  pressure-sensi t i v e  ad- 

hesive on one s ide (CHR St r ip -N-St ick)  was selected as the  thermal b a r r i e r  

m a t e r i a l  around t h e  diode c e l l .  This sponge tape i s  a v a i l a b l e  i n  0.5 t o  2. 

i nch  widths and thicknesses ranging from 0.06 t o  0.19 inches which can be 

q u i c k l y  cu t - to - length  and taped over the  diode. The mater ia l  r e a d i l y  con- 

forms under t h e  l am ina t ion  pressure and provides a smooth t r a n s i t i o n  between 

t h e  d iode and t h e  r e a r  cover sheet. Two stacked l a y e r s  o f  1.0 inch square 

by 0.06 inch t h i c k  tape were used as t h e  thermal b a r r i e r  around each diode. 

3.4.4 LAMINATION STACK-UP 

A t y p i c a l  l am ina t ion  stack-up, i nc lud ing  fhe diode/heat spreader . assembly, 

i s  shown i n  F igure  3-12. The bypass diode, w i t h  i t s  associated heat d i s -  

s i p a t i o n  and i n s u l a t i o n   component.^, i s  mounted b ~ n e a t h  the  s o l a r  c c l l  c i r -  

c u i t .  An Sntermediate l a y e r  of EVA f i l m  i s  used t n  hnnd t he  i nsu la ted  sur- 

face of t h e  heat  spreader p l a t e  t o  the  r e a r  s ide  o f  t he  s o l a r  c e l l  c i r c u i t .  

The cathode connect ion i s  made by so lder ing  the  heat spreader p l a t e  t o  the  

s o l a r  c e l l  c i r c u i t  p o s i t i v e  te rm ina t ion  as shown on the  r i g h t  hand s ide  of 

t h e  f i gu re .  The i n s u l a t e d  anode lead, which i s  soldered t o  the  opposite end 

o f  t h e  diode c e l l ,  e x i t s  o f f  t o  the  l e f t  hand s ide o f  t he  f i g u r e  where i t  

w i l l  be soldered t o  the  appropr ia te  c i r c u i t  tap p o i n t  t o  complete the  bypass 

path. Another EVA f i l m  sheet over lays the  diode/heat spreader assembly and 

the  completes the  encapsulat ion system by bonding t o  the  r e a r  cover sheet, 

which i s  t y p i c a l l y  a mu1 t i p l e  l a y e r  laminate o f  Tedlar, polyester ,  aluminum 

f o i l  and Tedlar. The inne r  l a y e r  o f  Tedlar i s  pre-coated w i t h  Dupont 

adhesive No. 68040 t o  improve the  adhesion t o  t h e  EVA. 



v ,GLASS COVERPLATE 

SOLAR CELL CIRCUIT 

\ 
, CIRCUIT POSITIVE 

TERMINATION 

\ CATHODE HEAT 
' REAR COVER SHEET 

SPREADER PLATE DIODE CELL 

F igure 3-12. Typical Glass Superstrate.Laminat ion 

Stack-up w i t h  Encapsulated Bypass Diode 

3.4.5 ENCAPSULATION TEST SPECIMENS 

F ive  encapsulat ion t e s t  specimens, w i t h  the  c h a r a c t e r i s t i c s  described i n  

Table 3-15, were fab r i ca ted  as a process.ing v e r i f i c a t i o n  o f  the  diode/heat 

spreader assembly and laminat ion  stack-up design concept described above. 

I n  each case the  specimen consisted o f  f o u r  square s o l a r  c e l l s ,  100 mm on a 

side, arranged on a small g lass superstrate as shown i n  F igure  3-13. The 

s i z e  of t he  heat sp reader 'p la te  was selected based t h e  pre l im inary  ana lys is  

contained i n  Reference 11 1 along w i t h  the  r e c e n t l y  es tab l ished values o f  

diode-to-heat spreader thermal resistance. 

The cons t ruc t i on  of these specimens i s  i l l u s t r a t e d  i n  F igure 3-14 where the  

l aye rs  of t he  laminat ion  stack-up a re  folded-back t o  reveal  t he  arrangement 

of components. The on ly  problem experienced dur ing  the  laminat ion  o f  these 

f i v e  specimens was the  sho r t i ng  o f  t he  diode anode lead t o  the  so la r  c e l l  



Table 3-15. Design C h a r a c t e r i s t i c s  o f  t he  Encapsulat ion Test Specimens 

r SOLAR .CELL (1 OF 4 )  

Figure  3-1 3. Typ ica l  Encapsulat ion Test Specimen 

(Rear View w i t h  Rear Cover Sheet Removed) 

A 

IDENTIFICATION 
LETTER 

A 

i B 

C 

D 

E 

b 

PAD MOUNTED 
CHIP TYPE 

SEMICON 12 AMP 
PN JUNCTION 

SEMICON 20 AMP 
PN JUNCTION 

SEMICBN 40 AMP 
, PN JUNCTION 

SEMICON 50 AMP 
PN JUNCTION . 

MOTOROLA 60 AMP 
SCHOTTKY 

COPPER CATHODE 
HEAT SPREADER 
PLATT ~ D ~ E N S I O N S  
WXLXT (INCHES) 

1 .5,x3x. 032 

2 x 4 ~  .032 

4 x 4 ~  .032 

4 x 4 ~ .  032 

2 x 4 ~ .  032 

COPPER ANODE 
LEAD DIMENS IONS 
WXLXT ( INCHES ) 

.lOOx6x. 005 

.125x6x .005, 

.125x6x.010 

.125x6x .010 

.125x6x .010 



Figure 3-14. Assembly Steps f o r  the Fabricat icn o f  the 

Encapsulation Test Specimens 



c i r c u i t .  This shor t  occurred a t  p o i n t  where the anode lead was fo lded t o  

permi t  e x i t  a t  the bottom as shown i n  Figure 3-13. The ex t ra  mater ia l  

thickness' a t  t h i s  p o i n t  was s u f f i c i e n t  t o  force the sheared edge of the 

copper f o i l  through the i n s u l a t i n g  tape t o  make contact  w i t h  the so la r  c e l l  

meta l l i za t ion .  This weak p o i n t  i n  the i n s u l a t i o n  system can be el iminated 

by us ing only s t r a i g h t  runs o f  the anode lead w i t h  more c a r e f u l l y  con t ro l  o f  

the  edge bur rs  on the copper s t r i p  o r  by the use o f  m u l t i p l e  i nsu la t i ng  

l aye rs  i n  the area o f  a  f o l d  i n  the conductor. I n  any case the thickness o f  

t he  i nsu la t i ng  tape should be s i g n i f i c a n t l y  greater than the an t i c ipa ted  

he igh t  of any b u r r  on t he  copper s t r i p s .  

3.5 THERMAL ANALYS IS 

A multi-node steady-state thermal analysis was performed using a de ta i led  

model o f  the l am~na t l on  stack-up w i t h  three d i f f e r e r ~ l  tleat spreader p l a t e  

s izes:  1.33, 4, and 12 inches square. The nodal representat ion f o r  the 4 

inches square case i s  diagrammed i n  Figure 3-15 where the heat spreader has 

been d iv ided i n  n ine nodes as i d e n t i f i e d  by numbers 17 through 25. This 

nodal format i s  c a r r i e d  through t o  in tervening l aye r  o f  EVA and i n t o  the 

so la r  c e l l  c i r c u i t  l aye r  where four  addi t iona l  l a rge r  area nodes are i n -  

cluded t o  more accurately ca lcu la te  the e f f e c t s  o f  l a t e r a l  conduction i n  

t h i s  s i l i c o n  layer.  

Boundary condi t ions and assumptions f o r  t h i s  analys is  included lt le ful l w i ~ r y ;  

1. Adiabatic r ea r  surface t o  simulate the worst case condi t ion o f  a 

module mounted d i r e c t l y  t o  an Insu la ted surface 
2. Total i n s o l a t i o n  l e v e l  o f  0.8 and 1 .O kw/m2 
3. W irld speed < 1 m/s 
4. Ambient temperatures o f  20 and 4 0 ' ~  

These cons t ra in ts  were combined w i t h  the three heat spreader p l a t e  s izes t o  

produce a mat r i x  o f  s imulat ion cases cover ing a wide range o f  operat ing 

condi t ions.  I n  an e f f o r t  t o  summarize these r e s u l t s  i n  a  convenient form 

f o r  l a t e r  use i n  diode mount s i z i n g  and comparison w i t h  t e s t  resu l ts ,  a  

temperature dif ference approach was adopted t o  normalize and combine these 

a n a l y t i c a l  pred ic t ions.  With no i n te rna l  diode heat d i ss i pa t i on  the em- 

bedded diode temperature r i s e  above ambient i s  given i n  Figure 3-16 as a  

func t ion  o f  ambient temperature and inso la t ion .  These pred ic ted temperature 



THICKNESS MATERIAL 
( f FICHES) 

.I88 GLASS 

. 0 3 0  EVA 

. 0 2 0  S I L I C O N  CELL 

. 0 1 5  EVA 

. 0 0 3 5  INSULAT ION 

. 0 2 0  COPPER PLATE 
OR . 0 3 2  

EVA- INSULAT ION INTERFACE 

COPPER PLATE 

F igure 3-1 5. Bypass Diode Thermal .Model f o r  

a 4 Inch Square Heat Spreader P la te  



Figure 3-16, Diode Temperature Rise Above Ambient w i t h  No In terna l  

Diode Diss ipat ion as a Function o f  Total Inso la t ion  and 

Ambient Temperature 

r i s e s  above ambient are somewhat la rger  than ' might ,be predicted f o r  . a 

d i  rec t-mounted so la r  c e l l  module, bu t  t h i s  i s  of 1 i ttl e consequence since 

the temperature d i f ference approach used t o  present the diode temperature 

r i s e  w i l l  permit  the use o f  any appropriate data r e l a t i n g  so lar  c e l l  

temperature t o  i nso la t i on  and ambSenr temperature. 

Figure 3-17 establ ishes the re la t ionsh ip  between the diode junct ion 

temperature r i s e  above the normal steady-state diode temperature w i t h  no i n -  
te rna l  d fss ipa t ion  (a lso approximately equal t o  the operating temperature of 

the so la r  c e l l  s w i t h i n  the module w i t h  only so la r  heating) t o  the square 

copper heat spreader .p late area and diode heat d iss ipat ion.  I m p l i c i t  i n  

these data i s  a junct ion-to-heat spreader thermal. resistance o f  1°c per 

watt,  representing the maximum val ue measured on development t e s t  specimens 

as reported i n  Section 3.3.2. A cross-plot  of the data contained i n  Figure 
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3-17 y i e l d s  t h e  square heat spreader p l a t e  area required t o  ma in ta in  the 

temperature r i s e  of t h i s  p la te ,  near the diode, t o  a 'speci f ied value as 

shown i n  Figure 3-18. The temperature d i f ference displayed on t h i s  p l o t  i s  
i d e n t i c a l  t o  t h a t  used on Figure. 3-1 7 except t ha t  the value has been reduced 

t o  account f o r  the temperature drop between the diode junc t ion  and the heat 

spreader p l a te  near the diode mounting locat ion.  A thermal resistance o f  

1 . ' ~  per  wat t  was used t o  make t h i s  data t rans la t ion.  The fo l low ing  ex- 
ample i l l u s t r a t e s  how these a n a l y t i c a l l y  predicted temperature di f ference 

p l o t s  can be used t o  es tab l i sh  the heat-spreader p l a te  area required f o r  a 

spec i f ied diode heat d iss ipat ion.  Assuming, i n  the worst-case, t h a t  the 

ambient temperature i s  40" w i t h  an i nso la t i on  o f  1 .O kw/m2, Figure 3-16 

y i e l d s  8 8 ' ~  ( 4 8 ' ~  + 40°c) as the temperature o f  the ac t i ve  module com- 

ponents w i t h  no i n te rna l  heat d iss ipat ion.  Using 130 '~  as the maximum a l -  

lowable EVA temperature i n  contact  w i t h  the heat spreader, 4 2 ' ~  o f  

temperature r i s e  i n  t h i s  p l a t e  near the diode i s  permissib le due t o  in te rna l  

diode heat d iss ipat ion.  With 5 watts o f  i n te rna l  diode heat generation, 
2 

Figure 3-1 8 y i e l  ds 4.4 i n  as the  requ i red square heat spreader area. 

Figure 3-19 summarizes the r e s u l t s  o f  s im i l a r  ca lcu la t ions  performed f o r  20 

and 40°c ambient temperatures w i t h  insb la t ion  l eve l s  o f  0.8 and 1.0 
2 kW/m . Thus, t h i s  f igure def ines the 0.032 inch t h i ck  square copper heat 

spreader s ize required t o  l i m i t  the EVA temperature t o  the establ ished 

130 '~  maximum. I f  a 40°c ambient temperature w i t h  a 1.0 kw/rn2 t o t a l  

i n s o l a t i o n  i s  considered t o  represent worst-case design condit ion, the upper 

curve o f  Figure 3-19 can be spec i f i ed  as the heat spreader design curve f o r  

s i z i n g  purposes. It remains t o  be seen' i f  these ana l y t i ca l  pred ic t ions can 

be experimental ly ve r i f i ed .  l o  t h i s  end, three modiileS, cont8i'nSng a t o t a l  
of s i x  d i f fe ren t  s i ze  heat spreaders, were designed, fabr icated and tested 

as described i n  the fo l low ing  section. 

3.6 EXPERIMENTAL MODULE DESIGN 

3.6.1 CONFIGURATION 

Three ac t i ve  module segments were designed and fabr icated as t e s t  specimens 

f o r  the experimental determination of the heat spreader temperature as a 

func t ion .o f  p l a t e  s i ze  and diode heat d iss ipat ion.  As described i n  Table 

3-16 each of these modules, designated as 6A, 12A and 18A corresponding t o  
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Table 3-16. Design Character is t ics  o f  Experimental Modules 

* A t  1.0 kw/m2 i nso la t i on  and 25OC c e l l  temperature 

the module ra ted  s h o r t - c i r c u i t  current, was constructed w i t h  two heat 

Square 
Copper Heat 

Spreade Area h ( i n  1 

42:: 
15.2 
27.0 

39.7 
6S66 

spreader p la tes  o f  d i f f e r i n g  sizes. I n  t h i s  way i t  was possib le t o  cover a 

wide range o f  heat spreader areas from 2 t o  65.6 i n2  whi le  maintaining 

Diode Type 
and 

Rating 

pGn PN 

Semicon PN 
40 Amp 

Semicon PN 
50 Amp 

Module 
Designation 

6A 

12A 

18A 

representat ive encapsulation boundary condi t ions inc lud ing the inf luences 

from surrounding so la r  c e l l  s and c i  r c u i  t terminatfon conductors. As shown 

i n  Figure 3-20 the e l e c t r i c a l  c i r c u i t  arrangement o f  each module was con- 

f igured t o  supply a .representati.ve l eve l  of ra ted sho r t - c i r cu i t  cu r ren t  cor- 

responding t o  the number o f  pdral  l e l  -connected 1OChnm square so la r  c e l l  s. 

The bypass diode c i r c u i t s  were a1 so configured t o  permit  the .ex terna l  i n t r o -  

duct ion of forward current ,  independent o f  the so la r  c e l l  c i r c u i t .  Thus, 

these module designs permit  the t e s t i n g  of the bypass diodes e i t h e r  as an 
i ntegra l  p a r t  o f  the so la r  ce-l l c i  r c u i  t, Where the bypassed cur ren t  1 s de- 

termined by the s h o r t - c i r c u i t  cu r ren t  capab i l i t y  o f  the so la r  c e l l  c i r c u i t ,  
o r  as independent bypass c i r c u i t  elements where the so la r  c e l l s  ' funct ion 

on ly  thermal ly as a p a r t  o f  the heat r e j e c t i o n  path f o r  the diode. 

Modu 1 e Rated* 
Short-Circui t 
Current (Amp ) 

6 

12 

18 

A r e a r  view o f  each module assembly, showing the d e t a i l s  o f  the diode/heat 

spreader assembly i n s t a l l a t i o n ,  i s  p i c t u red  i n  Figures 3-21 through 3-23. 

It i s  important t o  note the l oca t i on  of the f i v e  thermocouples which -are 

1 ami nated w i t h i n  the encapsulation system t o  monitor heat spreader 

temperature r i se .  The temperature i s  measured a t  two locat ions on each 



(c )  18A MODULE 

Figure 3-20. Experimental Module Electrical Circui t Configuration 

Figure 3-21. Configuration of 6 Amp Experimental Module 



Figure 3-22. Conf iguratl on of 12 Amp ~rperimental Module 

Figure 3-23. mnriguraton of 18 Amp Experimental Module 



copper heat  spreader p l a t e  by thermocouples bonded a t  l o c a t i o n s  which are  

0.12 inches from the  diode body and 0.17 inches i n  from t h e  corner  on the  

diagonal. The f i f t h  thermocouple i s  bonded t o  the r e a r  con tac t  o f  a so la r  

c e l l  which i s  removed from the  i n f l uence  of t he  l o c a l i z e d  diode heat ing. 

3.6.2 TEST RESULTS 

The th ree  experimental modules described above were subjected t o  a se r ies  o f  

thermal c h a r a c t e r i s t i c  t e s t s  i n v o l v i n g  t h e  ex te rna l  i n t r o d u c t i o n  of bypass 

c i r c u i t  c u r r e n t  t o  f o rce  a diode heat  d i s s i p a t i o n  which cou ld  be v a r i e d  w i t h  

the  value of the  c u r r e n t  suppl ied. These t e s t s  were performed under room 

ambient cond i t i ons  w i t h  the  modules mounted face-up on a h o r i z o n t a l  work 

bench surface. An 2 i nch  t h i c k  styrofoam i n s u l a t i o n  board was placed under 

the  modules t o  v i r t u a l l y  e l im ina te  heat r e j e c t i o n  from the  r e a r  side. The 

e x t e r n a l l y  supp l ied  bypass c u r r e n t  was va r ied  t o  produce a range of diode 

heat  d i ss ipa t i ons .  At  each consta'nt c u r r e n t  l e v e l  t he  module was al lowed t o  

reach thermal e q u i l i b r i u m  before the  thermocouple readings were recorded. 

The r e s u l t s  f o r  the  eleven t e s t  cond i t i ons  s imulated are summarized i n  Table 

3-17. The d ' i f fe rence between the  temperature measured on t h e  heat  spreader 

near the  diode body and the  surrounding s o l a r  c e l l  temperature i's p l o t t e d  i n  

F igure 3-24 t o  permi t  a d i r e c t  comparison w i t h  the  a n a l y t i c a l  p r e d i c t i o n s  

p rev ious l y  presented i n  F igure  3-10. 

The poor agreement between the  a n a l y t i c a l  p r e d i c t i o n s  and the .  experimental 

r e s u l t s  becomes more apparent when these r e s u l t s  a re  represented i n  terms of 

the  p l a t e  area requ i red .  f o r  a given diode heat  d i s s i p a t i o n  as shown i n  

F igure  3-25. Using a 4 0 ' ~  ambient temperature w i t h  a 1.0 kw/m2 inso-  

l a t i o n  as a design condition, the  a n a l y t i c a l  model would p r e d i c t  the  

requirement f o r  65 i n 2  o f  heat  spreader p l a t e  area f o r  15 wat ts  o f  diode 

d i ss ipa t i on .  Under these same design cond i t i ons  the  experimental data i n d i -  
2 cates t h a t  11 i n  o f  p l a t e  area would s u f f i c e .  The source o f  t h i s  l a r g e  

discrepancy i s  thought t o  be the  l a t e r a l  conduct ion o f  heat  through so la r  

c e l l  ma te r i a l  which was n o t  adequately accounted f o r  i n  t h e  model. 

3.7 COST COMPARISON OF BYPASS DIODE IMPLEMENTATION APPROACHES 

Since c o s t  i s  of paramount concern i n  the  s e l e c t i o n  o f  any bypass diode 

implementat ion approach fo r  t e r r e s t r i a l  pho tovo l ta i c  arrays, an assessment 

o f  t h i s  f a c t o r  was performed f o r  bo th  candidate packaging opt ions,  v iz . ,  the 
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Table 3-1 7. Experimental  Module Thermal Test  Resu l ts  

Run 
No. 

Bypass 
Cur ren t  

(Amp ) 

Diode 
'Jol tage 

Drop 
( V o l t s )  

Module 
Des igna t ion  

Heat 
Spreader 

Designat ion 

Diode 
Heat 

D i s s i p a t i o n  
(Wat ts)  

Temperature I (OC) 

Heat' 
Spreader 

Near 
Diode ' 

Heat 
Spreader 

Corner.  
So la r  
C e l l  s 



l.O°CmATT JUNCTION-TO-HEAT 
SPREADER THERMAL RESISTANCE 

100 

EXPERIMENTAL DATA 

Figure 3-24. Comparison of Analytical and Experimental Results 

DIODE HEAT D I S S I P A T I O N  (WATTS) 

Figure 3-25. Comparison o f  Heat Spreader Plate Area Requirements 
I Between Analytical and Experimental Results 



encapsul ated diode/heat spreader and the  ex terna l  1y-mounted, .conventional 

diode. 

3.7.1 COST ANALYSIS OF ENCAPSULATED BYPASS DIODE/HEAT SPREADER ASSEMBLY 

The encapsulated bypass diode/heat spreader con f igu ra t i on  shown i n  Figure 

3-26 was s ized f o r  t h ree  l e v e l s  o f  r a t e d  bypass c u r r e n t  us ing  t h e  exper i -  

mental r e s u l t s  repor ted  i n  Sect ion 3.6.2, The p e r t i n e n t  physical  parameters 

f o r  these th ree  assembly s i zes  a re  as s p e c i f i e d  i n  Table 3-18. 

A t  each of these t h r e e  c u r r e n t  l eve ls ,  t h e  c o s t  ana lys i s  i s  t o  inc lude the  

e f fec ts  of two heat  spreader p l a t e  ma te r ia l s  ( i .e . ,  copper and aluminum), 

assuming t h a t  t h e  p l a t e  s i z e  i s  unchanged b u t  t h a t  t he  aluminum th ickness i s  

increased t o  compensate f o r  i t s  lower thermal conduc t i v i t y .  The number o f  

bypass diode/heat spreader assemblies requ i red  t o  s a t i s f y  t h e  annual ' 

2 product ion  needs o f  1000, 10000 and 50000 m of module area w i l l  vary w i t h  

t h e  c u r r e n t  r a t i n g  of t he  u n i t .  Using 30 m~/cm' as the  s o l a r  c e l l  shor t -  

c i r c u i t  c u r r e n t  dens i ty  a t  100 mk/cm2 i n s o l a t i o n  and assuming t h a t  each 

bypass group cons is t s  o f  12 series-connected c e l l  groups, i t  i s  poss ib le  t o  

c a l c u l a t e  the number of bypass diodes requ i red  f ~ r  each of these module pro- 

duc t i on  ra tes  w i t h  t h e  r e s u l t s  as g iven i n  Table 3-19. 

3.7.1.1 Assumptions and Cost ing Methodology 

The methodology employed f o r  t h i s  cos t  ana lys is  consisted o f  f i r s t  prepar ing 

a s e t  of d e t a i l e d  drawings d e f i n i n g  each subassembly and each i n d i v i d u a l  

component of t h e  u n i t  t o  be fabr ica ted.  A complete s e t  o f  these drawings i s  

conta ined i n  Appendix B. Local vendors specia l  i z . ing  i n  t h e  p a r t i c u l a r  

f a b r i c a t i o n  area invo lved f o r  each of t he  piece p a r t s  were asked t o  provide 

- p r i c e  quota t ions  based on the  component drawing f o r  t h e  q u a n t i t i e s  required 

t o  cover t h e  product ion  r a t e  range o f  i n t e r e s t .  

These mate r ia l  cos ts  were accumulated f o r  l a t e r  use i n  es t imat ing  the  t o t a l  

FOB f a c t o r y  c o s t  of the  assembly. I n  p a r a l l e l  w i t h  t h e  a c q u i s i t i o n  of t h i s  

ma te r ia l  cos t  data a process f low sequence was def ined and an experienced 

manufacturing engineer was empl oyed t o  est imate the d i r e c t  l abo r  requi  red 

f o r  each assembly step. The sum of the  l abo r  requ i red  f o r  each step was 

then adjusted f o r  work p r o d u c t i v i t y  and o ther  handl ing and equipment 
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Tab1 e 3-1 8. Diode/Heat Spreader Assembly Design Parameters 

Table 3-19. Number o f  Bypass Diodes 

Required as a Funct ion of Module Area 

Rated 
Bypass 

Current 
(Amperes) 

6 

6 

12 

12 

18 

18 

Diode Ce l l  
ManufacturerIRating 

Semiconl20 Amp 

Semicon/20 Amp 

Semicon140 Amp 

Semicon140 Amp 

Semicon/SO Amp 

Semlcon/50 Amp 

Bypass 

Current 
Rat ing  

(Amperes) 

6 

8 

12 

18 

30 

2 Annual Module Product ion Hate (m ) 

Cathode Heat Spreader P la te  

1000 

3,750 

2,813 

1,880 

1,250 

750 

. 
Mater ia l  

Copper 

A1 umi num 

Copper 

A1 umi num 

Copper 

A1 urn1 nuiii 

Anode Lead 

Mater ia l  

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

10,000 

37,500 

28,125 

18,800 

12,500 

7,500 

T 
( inches) 

0.032 

0.056 

0.032 

0.056 

U.U3Y 

U. Ubb 

I 

50,000 

187,500 

140,625 

94,000 

62,500 

37,500 

W 
( inches) 

0.90 

0.90 

2.10 

2.10 

3.30 

3.30 

t 
(inches) 

0.005 

0.005 

0.007 

0.007 

0.010 

0.010 

w 
(inches) 

0.120 

0.120 

0.170 

0.170 

0.180 

0.180 
A 



downtime delays t o  produce the  t o t a l  est imated assembly l a b o r  f o r  each 

u n i t .  The d i r e c t  l abo r  c o s t  was then obtained by m u l t i p l y i n g  t h i s  t o t a l  

t ime ( i n  hours) by an average hour ly  r a t e  o f  $10.80, which assumes a U.S. 

assembly p l a n t  locat ion .  

The d i r e c t  l abo r  cost, when burdened w i t h  a 180 percent overhead - ra te ,  a re  

added t o  the  t o t a l  mater ia l  costs, which are burdened by a 3 percent 

ma te r ia l  overhead, t o  ob ta in  the  t o t a l  est imated cos t  t o  f a b r i c a t e  the 

assembly. A 25 percent p r o f i t  margin was app l ied  t o  t h i s  c o s t  t o  ob ta in  the  

est imated FOB f a c t o r y  p r i c e  o f  t h e  assembly. 

3.7.1.2 D e t a i l s  o f  Process Flow 

The cos t  o f  f a b r i c a t i n g  the  th ree d i f f e r e n t  s izes of bypass diode/heat 

spreader assemblies was analyzed based on the  f l ow  sequence shown i n  Figure 

3-27 . fo r  the  e n t i r e  range o f  annual product ion ra tes  from 1000 t o  200,000 

u n i t s  per  year. It was f e l t  t ha t ,  even a t  the  upper end o f  t h i s  range, the  

r a t e s  are  s t i l l  s u f f i c i e n t l y  low t o  permi t  the  use o f  t he  same basic process 

described i n  the  diagram. The assembly o f  the  seven p a r t s  which c o n s t i t u t e  

a bypass diode/heat spreader begins a t  t h e  upper l e f t  o f  t he  diagram where 

the  pre- fabr ica ted cathode heat spreader - p l a t e  and anode lead  are loaded 

i n t o  a so l  d e r i  ng f i x t u r e  a1 ong w i t h  the  solder  preforms and the  diode c e l l .  

The incoming di'ode c e l l  s are . ind iv idua l  l y  checked t o  v e r i f y  p o l a r i t y ,  

forward vo l tage drop a t  a s p e c i f i e d  t e s t  cur rent ,  and leakage cu r ren t  a t  

50 V reverse voltage. 

A f te r  passing through the  tunnel oven the  soldered diode/heat spreader p l  a te  

subassemblies are unloaded from the  f i x t u r e  and tes ted again, by the  

measurement of forward vol tage drop a t  a spec i f i ed  t e s t  cu r ren t  and leakage 

c u r r e n t  a t  a 50V reverse voltage, t o  v e r i f y  t h a t  the  so lde r ing  process d i d  

n o t  destroy t h e  i n t e g r i t y  o f  t he  diodes. At t h i s  p o i n t  t he  subassemblies 

which have s a t i s f a c t o r i l y  t h e  e l e c t r i c a l  screening t e s t  a re  loaded 

i n t o  vapor degreaser racks and cyc led  through the  degreaser t o  rcmove 

res idua l  so lder  f l u x .  The cleaned subassemblies are s tored t o  awai t  the  

subsequent tap ing  and i n s u l a t i o n  process step. The cathode p l a t e  and anode 

lead  i n s u l a t i n g  tapes are dispensed onto the  soldered subassemblies which 

have been removed from storage and placed i n  a l o c a t i n g  f i x t u r e .  .The 

assembly i s  completed by i n s t a l l i n g  the  two l a y e r  s i l i c o n e  foamed tape 
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thermal b a r r i e r .  A f i n a l  i nspec t i on  i s  performed and minor rework i s  

accomplished p r i o r  t o  packing i n  cardboard boxes f o r  storage and subsequent 

shipment t o  the  nodule manufacturer. 

3.7.1.3 D i r e c t  Labor Est imates 

The f low sequence described i n  prev ious sec t ion  was used t o  est imate the 

d i r e c t  l a b o r  requ i red  f o r  each step o f  t he  assembly process w i t h  the  r e s u l t s  

as summarized i n  Tables 3-20, 3-21 and 3-22. As t h e  s ize  n f  the cathnde 

heat spreader p l a t e  increases w i t h  the  c u r r e n t  r a t i n g  of t he  assembly, the 

number of p a r t s  t h a t  can be loaded onto a s i n g l e  so lde r ing  f i x t u r e ,  which i s  

s ized fo r  the  tunnel  oven opening, decreases as shown i n  these tables.  For 

the range of product ion r a t e s  t o  be considered i n  t h i s  evaluat ion,  i t  i s  

f e l t  t h a t  t h i s  est imate of the  d i r e c t  l a b o r  hours per  u n i t  can be used, w i t h  

reasonable accuracy, t o  p r e d i c t  the l abo r  cos t  .over t he  e n t i r e  range. Table 

3-23 summarizes the l a b o r  content  f o r  each o f  the  th ree  assembly c u r r e n t  

r a t i n g s  and inc ludes  several adjustments t o  t h i s  d i r e c t  l a b o r  t o  r e f l e c t  

p r o d u c t i v i t y  fac tors ,  i nc lud ing :  (1  ) a 50 minute working t ime per  hour, (2) 

a 20 percent  t ime l o s s  due t o  p a r t s  hand1 i n g  and equipment downtime, and (3)  

a 98 percent  o v e r a l l  process y i e l d .  The r e s u l t i n g  ad jus ted  d i r e c t  l a b o r  per  

u n i t  i s  converted i n  a burdened labo r  cost,,- as shown i n  Table 3-24, by f i r s t  

m u l t i p l y i n g  the  hours per  u n i t  by the  average hour ly  r a t e  and then apply ing 

a 180 percent  l a b o r  overhead fac to r .  

3.7.1.4 Product ion Cost Summary 

The FOB f a c t o r y  c o s t  o f  producing the  th ree  s izes  o f  t he  encap.sulated bypass 

diode/heat spreader assembly was est imated by combining the  d i r e c t  l a b o r  and 

overhead cos ts  from the  prev ious sec t i on  w i t h  the ma te r ia l  cos ts  as obtained 

from vendor quotes f o r  each p iece p a r t  as def ined by the  d e t a i l  drawings. 

These ma te r ia l  c o s t  est imates a re  summarized i n  Tables 3-25, 3-26 and 3-27 

f o r  t he  6, 12 and 18 ampere c u r r e n t  ra t i ngs ,  respec t i ve l y .  Two ma te r ia l s  

(v iz . ,  copper and aluminum) were considered f o r  use i n  t h e  f a b r i c a t i o n  o f  

t he  cathode heat  spreader p la te .  The c o s t  quota t ion  obta ined f o r  these 

p a r t s  i n d i c a t e  t h a t  t he re  i s  no advantage t o  be gained by us ing  aluminum f o r  

t h i s  component. The increased d i f f i c u l t y  i n  p l a t i n g  a1 uminum, re1 a t i v e  t o  

copper, i s  r e f l e c t e d  i n  a d i f f e r e n t i a l  p l a t i n g  c o s t  which i s  more than 

enough t o  o f f s e t  t he  i n i t i a l  c o s t  advantage o f  the  aluminum. 



Table 3-20. D i r e c t  Labor Est imate f o r  t h e  6 Ampere Assemblies 

Desc r ip t i on  o f  Operat ion Labor-Seconds per  U n i t  

Operat ion 10-Solder Diode Assembly* 

. I 0  Place Cathode P la tes  i n  F i x t u r e  

.20 Clean Par t s  Wi th Alcohol 
30 P o s i t i o n  Diode Template 

.40 Place Preforms/Flux i n  F i x t u r e  

.50 Place Diodes 
60 Place Pretorms/l- lux 

" " 
Unload k i x tu re / l empra te  

. I30  Check Resistance and Etch Par t  Number 
140 Load Par ts  i n  Vapor-Degreaser KacK 

U Vapor-Uegrease Cycle. 
. I60  Store  Rack f o r  O ~ e r .  20 

Sub-Total 26.5 

Operat ion 20-1n.sulate Soldered Diodes 

.10 S t r i p  Anode Tape 

.20 Place Soldered Assembly i n  Template 
30 App ly Anode Tape 

.40 S t r i o  Cathode TaDC 

.5O P l  ac&'P~-css ~ a t ~ ~ b d e  Tape 
60 Remove Taped Assy From temp l a t e  ana 

I n v e r t  on rab le  
.70 S t r i p  Keyhole I n s u l a t o r  
80 App ly/Press Insu l a t o r  Around LlloBe 

.90 S t r i ~  TOD I n s u l a t i o n  

. I00  ~ p p l ) / ~ r e s s  Top I n s u l a t i o n  
b Place Comp le ted  Assemb ly i n  btorage l r a y  

Sub-Total 54.4 

Operat ion 30-Diode Preparat ion 

.10 Measure Diode Resistance/Record 

.20 Mark Cathode Side 

.30 Deyredse Cycle 

Sub-Total 

To ta l  91.7 
(0.0255 Hrs. ) 

* Labor es t imate  i s  based on 35 assemblies per  template load. 



Tab1 e 3-21 . D i r e c t  Labor Est imate f o r  t h e  12 Ampere Assembl i e s  

Desc r ip t i on  o f  Operat i o n  Labor-Seconds pe r  U n i t  

Operat ion 10-Solder Diode Assembly* 

.10 Place Cathode P la tes  i n  F i x t u r e  . Clean Parts  M i t h  Alcohol 
30 P o s i t i o n  Diode Tem~ l a t e  

.40 Place ~ r e f o r m s / ~ l u x  i n  F i x t u r e  . piace Ulodes 
60 Place Preforms/F lux 

.70 Clean Anode S t r a ~ s  With Alcohol . Place Anode Straps i n  F l x t u r e  
90 D ~ O D  F l x t u r e  Holdina Uevlce and Latcn  

- ~. - ~ 4 - -  - -  - 

. I00 Place F i x t u r e d  Parts  i n  Oven 

. I10  Bake Cycle/Cool Cycle 

.121) l lnlnad F ix t~ .~re /Temnla te  

. I30 Check ~ e s i s t a n c e  a'nd Etch Par t  Number 

. I40 Load Par ts  i n  Vapor-Degreaser Rack 
15U Vapor-Degrease Cyc l e  

. I60  Store Rack f o r  Oper. 20 

Sub-Total 

Operat ion 20- Insu la te  Soldered Diodes 

.10 S t r i p  Anode Tape 

.20 Place Soldered Assemblv i n  T e m ~ l a t e  - 
3~ ~ p p  ~y Anode rape 

.40 S t r i ~  Cathode T a ~ e  ~ - .~ - - - -  

.50 P l  ace/Press ~ a t h b d e  Tape 
6U Kemove raped Assy From Temp l a t e  and 

I n v e r t  on Table 
.70 S t r i p  Keyhole I n s u l a t o r  
80 Apply/Press I n s u l a t o r  Around Diode 

.90 S t r i p  Top I n s u l a t i o n  
100 Apply/Press Top I n s u l a t i o n  

b I 1U Place Comp le ted  Assemb ly I n  Storage r ray  

Sub-Total 54.4 

. Operat ion 30-Diode Preparat ion , 

.10 _Measure Diode Resistance/Record 
-20 Mark Cathode Side . - 

.30 Degrease Cycle - 0.4 

Sub-Total 10.8 

To ta l  96.3 
(0,0268 Hrs.) 

* Labor est imate i s  based on 17 assemblies per  template load. 



Table 3-22. D i r e c t  Labor Est imate f o r  t h e  18 Ampere Assemblies 

D e s c r i p t i o n  o f  Operat ion Labor-Seconds per  U n i t  

Operat ion 10-Solder Diode Assembly* 

.10 Place Cathode P la tes  i n  F i x t u r e  
20 Clean Par ts  Wi th  Alcohol 
3U P o s i t i o n  Dlode lemD l a t e  

.40 Place ~ r e f o r m s / ~ l u x  i n  F i x t u r e  
50 Place Diodes 
60 Place Pretorms/k lux 

.70 Clean Anode s t raps  With Alcohol 
80 Place Anode Straps i n  F i x t u r e  
90 Drop k l x t u r e  Hold lng Devlce ana Latcn 
100 Place k i x t u r e d  Par ts  i n  Oven - - - -  - 

. I10  Bake Cycle/Cool Cycle 
IZU Unload k i x tu re / l emp la te  

. I30 Check Resistance and Etch Par t  Number 
140 Load Par ts  i n  Vapor-Degreaser Rack 
ISU  Va~or-Uearease Cycle 

. I60 ~ t b r e  ~a;k f o r  ~ i e r .  20 

Sub-Total 35.6 

Operat ion 20- Insu la te  Soldered Diodes 

.10 S t r i ~  Anode Tape 

.20 p lace soldered'  Assembly i n  Template 
30 ADD 1 v Anode l ape 

.40 ~ i F i b  Cathode i a p e  - - - - -- - 

.50 Place/Press Cathode Tape 
6U Remove Taped Assy From lemp l a t e  ana 

I n v e r t  on Table 
.70 S t r i p  Keyhole Insu l  a t o r  
8U A D ~ l v / v r e s s  insulator Arouna uioae 

.90 s't'rib TOP I n s u l a t i o n  
'100 Apply/Press TOP I n s u l a t i o n  . _  . --_-..-a. 

1 10 Place Com~ le ted  Assemb l y  I n  btorage i r a y  

Sub-Total 62.7 

Operat ion 30-Diode Preparat ion 

.10 Measure Diode Resistance/Record 5.8 

.20 Mark Cathode Side 4.7 

.30 Degrease Cycle - 0.7 

Sub-Total 11.2 

Tota l  109.5 
(0.0304 Hrs.) 

* Labor est imate i s  based on 9 assemblies per  template load. 



Table 3-23. Summary of D i r e c t  Labor Requirements 

Table 3-24. D i r e c t  Labor Costs 

Assembly 
Current  
Rat ing 
(Amperes ) 

' 6 

12 

18 

* Based on an average l abo r  r a t e  o f  $9.00/hour p lus  a '20% burden f o r  
b e n e f i t s  = $10.80/hour 

D i r e c t  Labor (Hrs. per  U n i t )  

Assembly 
Current 
Rat ing 
(Amperes ) 

6 

12 

18 

F igure  3-28 g ives the  est imated FOB f a c t o r y  p r i c e  of the  th ree  assembly 

' c u r r e n t  r a t i n g s  as a f u n c t i o n  of annual p roduct ion  ra te .  It should be noted 

t h a t  t h i s  p r i c e  inc ludes  a 25 percent  p r o f i t  mark-up,. 

Unadjusted 

0.0255 

0.0268 

0.0304 

I n  support of t h i s  ana lys is ,  John-Watt Associates,. Inc.  prepared an 

independent est imate of t he  p r i c e  of the completed assemblies i n  t he  three 

s izes  spec i f ied .  The agreement between these independently-derived 

Adjusted 
Labor 
Hours 
Per U n i t  

0.0375 

0.0396 

0.0447 
L 

Ad.justed f o r  
98% Y i e l d  

0.0375 

0.0396 

0.0447 

Adjusted f o r  
50 Minute Hour 

0.0306 

0.0322 

0.0365 
. .. ... . 

- 

D i r e c t *  
Labor 
Costs 
(1983 $ /Un i t )  

0.405 

0.428 

0.483 

Adjusted f o r  
Handl ing and 
Delays 

0.0368 

0.0388 

0.0438 

Overhead 
a t  

180% 
,(I983 $ /Un i t )  

0.729 

0.770 

0.869 

* 

Tota l  
Burdened 
Labor Cost 
(1  983 $ / U n i t )  

1 . I34  

1 . I98  \ 

1.352 



Table 3-25. Material Cost Summary for the 6 Ampere 

Assembly ( 1  983 Q/Uni t)  
-- -- 

Annual product ion Rate (Units/Year) 

Component Descr ip t ion  1,000 10,000 100,000 200,000 

Copper Cathode P la te  

Aluminum Cathode P la te  

Anoae Lead 

Solder Preforms 

Diode C e l l  

Anode I n s u l a t o r  Tape 

Cathode 111sulat~1' Tape 

Tnennal B a r r i e r  Tape 

Tota ls**  , 
With Copper Cathode 2,336 'I .606 0.556 0.41.6 

Witn Aluminum Cathode 2.402 1.636 0.588 0.448 

- - 

* Inc luded i n  the cos t  o f  the anode lead 

** Includes an a d d i t i o n a l  3 percent burden f o r  mate r ia l  overhead. 

Table 3-26. .Material Cost summary for the 12 Ampere 
Assembly ( 1  983 S/Uni t )  

-- -- 

Annual Product ion Rate ( ~ n i t s / Y e a r )  

Component Oescr ip t ion 1,000 lI).UUO 1 U0, 000 200, 00U 

Copper Cathode P la te  

A t  umi num Cathode P la te  

Anode Leaa 

Solder Preforms 

Oioae C e l l  

Anode lnsu l a t o r  Tape 

Cathode I n s u l a t o r  Tape 

Tnemal B a t r l e r  Tape 

Totals*" 

w i t h  Copper Cathode 3.314 2.338 0.918 0.746 

w i t h  Aluminum Cathoae 3.370 2.360 0.948 0.776 

* Included. i n  the cos t  of the anode lead. 

* Includes an a d d i t i o n a l  3 percent burden f o r  mate r ia l  Overheaa. 

3-58 



Table 3-27. M a t e r i a l  Cost Sumnary f o r  t h e  18 Ampere 

Assembly (1  983 $ /Uni t )  
-- ~ - - -- - -- -- 

Annual Production ~ a t e '  (Units/Year) 

Component Descr ip t ion 1,000 10.000 100,000 200,001) 

Copper Cathode Plate 

Aluminum Cathode P la te  

Anode Leaa 

Solder Preforms 

Uioae C e l l  

Anode Insu la to r  Tape 

Cathode Insu la to r  Tape 

fhennal B a r r i e r  Tape 

Tota ls**  

w i t h  Copper Cathode 4.555 3.422 1.439 1.218 

d i t n  Aluminum Cathoae 4.631 3.432 1.434 1.207 

* Included i n  the cost o f  the anode lead. 

* Includes an a d d i t i o n a l  3 percent burden f o r  mate r ia l  overheaa. 

ANNUAL PRODUCTION (UNITS)  

F igure 3-28. Estimated FOB Factory P r i c e  of the Encapsulated 

Bypass/Heat Spreader Assembl i e s  



est imates was remarkably good w i t h  on ly  a 40 percent d i f ference a t  the worst 

p o i n t ,  which was f o r  t h e  smal les t  p a r t  a t  the  h ighest  product ion ra te .  

3.7.2 COST OF CONVENTIONAL DIODES AND DIODE ENCLOSURES 

The enclosures shown i n  Figures 3-29, 3-30 and 3-31 a re  marketed by AMP Inc. 

f o r  use w i t h  ex terna l  ly-mounted photovol t a i c  module diodes. These 

enclosures are  designed f o r  mounting t o  the  frame o r  r e a r  sur face o f  the 

module, and i n  the  l a t t e r  two cases, the  j u n c t i o n  box a l so  conta ins the 

mat ing connectors f o r  modul e-to-module in terconnect ing  w i r ing .  The f i r s t  

two housings are  designed to accept a x i a l  lead diodes wh i l e  the  l a s t  

j u n c t i o n  box, which i s  equipped w i t h  an extruded aluminum heat s ink cover, 

can be used t o  mount a DO5 diode package. 

Assuming a 1 5 0 ~ ~  l i m i t  on PN diode j u n c t i o n  temperature w i t h  a 4 0 ' ~  

ambient temperature, t he  AMP thermal performance data i nd i ca tes  t h a t  these 

enclosures are capable of c a r r y i n g  forward diode cu r ren ts  of approximately 

6, 8 and 30 amperes f o r  the  Figure 3-29, 3-30 and 3-31 enclosures, 

respec t i ve l y .  

The s e l l i n g  p r i c e  o f  these AMP products as a func t i on  o f  the quan t i t y  

purchased i s  g iven i n  F igure  3-32 [6] along w i t h  the  p r i c e  o f  t y p i c a l  

packaged diodes which might  be used i n  these enclosures [7]. I f  the p r i c e  

of t h e  package diode i s  added t o  the  p r i c e  o f  t he  enclosure, t he  upper curve 

i n  each case g ives  the  t o t a l  p r i c e  o f  the  assembly. exc lus ive  o f  t he  l abo r  

r e q u i r e d  t o  mount t h e  diode w i t h i n  the  enclosure. It i s  apparent from these 

data  t h a t  the p r i c i n g  p o l i c y  f o r  the  a x i a l  l ead  diode connector d i f f e r s  

considerably from t h a t  used on the  j u n c t i o n  box enclosures. I n  fac t ,  a 

reasonable ex t rapo la t i on  o f  t he  p l a s t i c  cover j u n c t i o n  box data would show 

c o s t  p a r i t y  w i t h  the  a x i a l  lead diode connector enclosure a t  about 8000 

u n i t s .  These r e s u l t i n g  p r i c e s  a r e  sumar ized i n  Table 3-28 f o r  q u a n t i t i e s  

o f  1,000, 5,000 and 20,000 u n i t s .  

6. P r i v a t e  conmunication, M. Jones, AMP, Inc. March 3, 1983 

7. P r i v a t e  comunica t ion ,  L. LeBow, Semicon, Inc., January 12, 1983. 



F i g u r e  3-29. AMP, Inc. A x i a l  Lead Diode Connector 
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Figure 3-30. AMP, Inc.  Junction Box wi th  P l a s t i c  Cover 
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103 104 105 

QUANTITY (UNITS) 
F igure  3-32. S e l l i n g  P r i c e  fnr Packaged Diodes and 

Diode Enclosures 

Table 3-28. S e l l i n g  P r i c e  (1983 $1 o f  Packaged 

Diodes i n  AMP, Inc. P l a s t i c  Enclosures 

AMP HEAT 'SINK COVER 
JUNCTION BOX (FIGURE 3-31) 

AMP PLASTIC COVER 

AMP AXIAL LEAD D I O D E  
CONNECTOR (FIGURE 3-29) 

- 40A/50V DO5 
- STUD MOUNT - - 
C - - 
- 

, DIODE ONLY - 6 ~ / 5 0 ~  AXIAL 
- LEAD WITH 

---I-- ENCLOSURE ONLY EPOXY CASE 
- - - - ENCLOSURE + D I O D E  

. I  1 I 1  1 1 1 1  1 I  I  1 1 1 1 1 1  I  

- 

Quant i t y  

1000 

5000 

2 0000 

Forward Current Capabi 1 i t.y 

(C\mperes)/Conf iyurat ion 

b / In -L ine  

Housing 

2.50 

2.35 

2.15 

8/J.B. w i t h  

P l as t  i c  Cover 

3.90 

2.95 

- - 

30/J.0. w i t h  

Heat S i n k  Cover 

7.80 

5.70 

- - 



3.7.3 COST COMPARISON 

Table 3-29 compares the  est imated c o s t  per  u n i t  o f  module area f o r  the two 

bypass diode i n t e g r a t i o n  approaches described above. This  comparison 

assumes t h a t  the  c o s t  o f  mounting the  p l a s t i c  enclosure on the  module frame 

o r  r e a r  sur face i s  inc luded as p a r t  of the-  o the r  module assembly cos ts  and 

i s  equal t o  the cos t  o f  p o s i t i o n i n g  and connect ing the encapsulated 

diode/heat spreader assembly w i t h i n  the  module laminate. 1t i s  important  t o  

no te  t h a t  the  AMP Inc.  p l a s t i c  enclosure cos ts  do n o t  inc lude the  cnst. o f  

mounting the  packaged diode w i t h i n  the  enclosure. The foo tno te  t o  Table 

3-29 es tab l ishes  the  cos t  impact per  minute o f  i n s t a l l a t i o n  labor .  A t  the 6 

ampere bypass c u r r e n t  r a t i n g  l e v e l ,  an examination o f  these comparative 

p r i c e s  would i n d i c a t e  t h a t  i t  might  be b e t t e r  t o  s e l e c t  the  AMP Inc. a x i a l  

l e a d  diode connector (F igure  3-29), b u t  the  user should f i r s t  e s t a b l i s h  t h a t  

t h e  i n s t a l l a t i o n  o f  the  a x i a l  lead diode can be accomplished i n  l e s s  than 

2.22 minutes per  u n i t  This  i n s t a l  l a t i o n  procedure should 

i nc lude  t h e  f o l l o w i n g  steps: 

0 Removal o f  cover 

0 Check diode f o r  c o n t i n u i t y  and p o l a r i t y  

0 I n s t a l l  diode i n c l u d i n g  c u t t i n g  leads t o  l e n g t h  and t i g h t e n i n g  

screw termi  nal  s 

0 Replacement o f  cover  

It i s  apparent from these data t h a t  the  AMP Inc. p l a s t i c  covered j u n c t i o n  

box i s  n o t  c o s t  e f f e c t i v e  as a bypass diode enclosure s ince i t s  power 

d i s s i p a t i o n  c a p a b i l i t y  i s  on ly  s l i g h t l y  b e t t e r  than the  a x i a l  lead diode 

connector which has considerably lower weight  and size. 

Again, a t  t he  h igher  r a t e d  c u r r e n t  l eve l s ,  the  p l a s t i c  j u n c t i o n  box w i t h  the 

heat  s ink  cover would appear t o  have a c o s t  advantage over  t h e  encapsulated 

diode approach b u t  the issue i s  equa l l y  clouded by the  unaccounted f o r  

i n s t a l l a t i o n  c o s t  of t he  stud mounted diode. The exposed metal heat s ink 

a l s o  c rea tes  another i n s t a l l a t i o n  c o s t  pena l ty  s ince i t  int roduces the 

requirement f o r  t he  attachment o f  a separate grounding wire.  



Table 3-29. Price Comparison Between Bypass Diode Integration 
2 

Approaches (1983 $/m of module area) 

I 

? 

% 4 
*a 

r 

Witnln Module 
Annual 

Production 

* No data available 
** Does - not include the cost of mounting the diode within the enclosure. 

Using tne same methodology applied to the encapsulated diode costing 

analysis, tnese prices per m2 would De increased by the following 

amounts for each minute of labor required to install, a single diode. 

Price Increase per Minute 

Current of ~nstallation Labor per 

Rating (Amperes) Diode (1983 $/m2) 

6 2.36 

8 -. 1.77 

30 0.47 

i 

AMP Inc. Plastic 

Enclosures .** 

1,000 

10,000 

50,000 

3 

6.20 

3.9U 
* 

6 

9.W 

7.69 
* 

14.25 

10.09 

7.43 

8 

9.14 
* 
* 

9.96 

7.37 

5.08 

9.0b 

7.13 

4.96 



- 
Thus, from a  c o s t  s tandpoint  there  i s  no obvious advantage f o r  one approach 

over another. I f  a  j u n c t i o n  box i s  requ i red  t o  accommodate module-to-module 

i n te rconnec t i ng  w i r i ng ,  i t  would seem reasonable t o  i nc lude  the  diode w i t h i n  

t h i s  enclosure i f  on ly  one bypass diode i s  requ i red  f o r  t he  module. I f  the  

module e l e c t r i c a l  design requ i res  m u l t i p l e  bypass diodes or ,  i f  a  frameless 

module w i t h  non-conductive exposed sur face i s  contemplated, i t  would seem 

reasonable t o  consider  the  encapsulated diode imp1 ementation. 

3.8 PARALLEL BYPASS DIODE LOAD SHARING CONSIDERATIONS 

3.8.1 PROBLEM STATEMENT 

The c u r r e n t  shar ing among bypass diodes w i t h i n  para l  1  e l  -connected 

pho tovo l ta i c  modules i s  t he  sub jec t  o f  t h i s  task a c t i v i t y .  When i d e n t i c a l  

modules, each conta in ing  a  bypass diode, are connected i n  p a r a l l e l ,  as 

i l l u s t r a t e d  i n  F igure 3-33, the  c i r c u i t  c u r r e n t  i s  shared among the  

i n d i v i d u a l  modules. I n  t he  normal power generat ion opera t ing  mode each 

s o l a r  c e l l  c i r c u i t  element w i l l  c o n t r i b u t e  t o  the t o t a l  c i r c u i t  c u r r e n t  i n  

accordance w i t h  the  i n d i v i d u a l  module I - V  c h a r a c t e r i s t i c s  so t h a t  a  common 

vol  tage i s  developed across the para l  1  e l  -connected group. When c i r c u i t  

opera t ing  cond i t i ons  d i c t a t e  a  reverse vo l tage b i a s  across a  

para l  1  e l  -connected group o f  modules the  i n d i v i d u a l  module bypass diodes w i l l  

conduct c u r r e n t  i n  t h e  forward d i r e c t i o n .  This t o t a l  c i r c u i t  bypass cu r ren t  

w i l l  be d i v ided  among the  i n d i v i d u a l  module diodes i n  accordance w i t h  the  

forward conduct ing cur ren t -vo l tage c h a r a c t e r i s t i c  o f  each diode so t h a t  a  

common vol  tage drop i s devel oped across the  para l  1 e l  -connected group. Thi s  

c o n d i t i o n  o f  forward conduct ing c u r r e n t  shar ing i s  i 1 l u s t r a t e d  i n  

F igure  3-34 f o r  two p a r a l l e l  bypass diodes, Dl and D2. I f  these two diodes 

have i d e n t i c a l  forward cur ren t -vo l  tage c h a r a c t e r i s t i c s ,  t he  t o t a l  c i r c u i t  

bypass cur ren t ,  IT, w i l l  be d i v ided  equa l l y  between the  two diodes. 

However, i n  r e a l i t y  these c h a r a c t e r i s t i c s  w i l l  n o t  be i d e n t i c a l  due t o  

i nhe ren t  manufactur ing to1  erance and d i f f e rences  i n  the  opera t ing  j u n c t i o n  

temperature of the two diodes. This  imbalance i n  forward c h a r a c t e r i s t i c s  

w i l l  r e s u l t  i n  an unequal d i v i s i o n  of bypass c u r r e n t  between the  two 

p a r a l l e l  paths. This unequal c u r r e n t  shar ing may cause a  diode 

overtemperature c o n d i t i o n  due t o  the  f a c t  t h a t  the i n d i v i d u a l  bypass diodes 

a re  s ized t o  d i s s i p a t e  on l y  t he  power associated w i t h  conduct$rl'g the  module 

r a t e d  s h o r t - c i r c u i t  cur ren t .  The concern a l so  e x i s t s  t h a t  an i n i t i a l  small 



Figure 3-33. Para1 1 e l  Interconnect ion of Photovol t a i c  Modules 

Containing Ind iv idua l  Bypass Diodes 

Figure 3-34. D e f i n i t i o n  of Current Sharing Between. a 

P a i r  o f  P a r a l l e l  Bypass Diodes 



imbalance may l ead  t o  ca tas t roph ic  thermal runaway c o n d i t i o n  where the  i n -  

creased c u r r e n t  leads t o  increased diode j u n c t i o n  temperature resu l  t i n g  i n  

s t i l l  more c u r r e n t  imbalance u n t i l  diode f a i l u r e  r e s u l t s  from an over- 

temperature cond i t ion .  

The c u r r e n t  shar ing among p a r a l l e l  diodes o f  t h e  same type can be equal ized 

by t h e  i n c l u s i o n  o f  a small se r i es  res is tance i n  each bypass path. I n  ad- 

d i t i o n  i t  i s  poss ib le  t o  shunt the t o t a l  bypass c u r r e n t  through a s i n g l e  ex- 

ternal ly-mounted bypass diode which i s  s ized by the  a r ray  c i r c u i t  designer 

t o  accommodate the  e n t i r e  s t r i n g  s h o r t - c i r c u i t  cu r ren t .  

3.8.2 CIRCUIT ANALYSIS 

3.8.2.1 Model l ing o f  Uiode Characteristics 

As the  f i r s t  step i n  the  c i r c u i t  ana l ys i s  o f  para l le l -connected bypass 

diodes, i t  i s  necessary t o  develop an a lgebra ic  expression represent ing  the  

forward c u r r e n t  vo l tage c h a r a c t e r i s t i c s  o f  each diode type t o  be con- 

sidered. F igure  3-35 shows such a s e t  o f  temperature-dependent 

c h a r a c t e r i s t i c s  f o r  a PN j u n c t i o n  diode o f  the type which might  be used i n  a 

photovol t a i c  module bypass appl i c a t i o n .  The forward vo l tage drop (Vf) 

across t h i s  diode can be modelled as a func t ion  o f  forward c u r r e n t  ( I f )  

and j u n c t i o n  temperature ( T  . ) by the  f o l l o w i n g  expression: 
J 

V f  = U. /34bB-0.0016945Tj 

+ (0.137915+0.0003367T . ) l o g  If 
-5J -7 2 

+ (0*03641+5.9388~10 T .-4.6085~10 T . )  ( l o g I f )  2 
3 3 

which accura te ly  represents these data over t he  range 0.1 < If < 20 Amperes 

and -50 < T . < 175'~. 
3 

A s i m i l a r  s e t  o f  c h a r a c t e r i s t i c s  f o r  a t y p i c a l  Schottky diode i s  given i n  

F igure  3-36. The nature o f  the v a r i a t i o n  o f  these c h a r a c t e r i s t i c s  w i t h  

temperature i s  n o t  amenable t o  a simple expression o f  t he  type g iven above 

f o r  t he  PN j u n c t i o n  diode, b u t  i t  i s  poss ib le  t o  f i t  these emp i r i ca l  data t o  

a t h i r d  o rder  polynomial o f  t he  form: 



Vf ( v o l t s )  
J 

Figure 3-35. Forward Current-Vol tage Characteristic for a 
Typical PN Junction Diode 



V f  (Volts) 

Figure 3-36. Forward Current-Vol tage Characteristic for a 
Typical Schottky Junction Diode 



where t h e  values of t he  c o e f f i c i e n t s  are  as given i n  Table 3-30 fo r  the fou r  

j u n c t i o n  temperatures. When used i n  t h i s  expression, these c o e f f i c i e n t s  

w i l l  produce c lose  agreement w i t h  the  empi r ica l  data over the range 

0.1 < If < 20 amperes. 

Table 3-30. Curve F i t t i n g  C o e f f i c i e n t s  f o r  t h e  Schottky Diode 

3.8.2.2 Para1 1  e l  -Connected Diodes o f  t he  Sane Type 

The r e s u l t s  o f  a  c i r c u i t  ana lys i s  o f  two paral le l -connected P/N j u n c t i o n  

diodes i s  shown i n  Figure 3-37 where t h e  r a t i o  o f  t he  c u r r e n t  f l ow  i n  each 

d iode i s  p l o t t e d  as a  f u n c t i o n  o f  t o t a l  bypass cur rent ,  It, f o r  various 

values of t h e  j u n c t i o n  temperature o f  "diode number 2 consider ing the 

j u n c t i o n  temperature o f  diode number 1  t o  be constant  a t  50'~. This 

temperature d i  f f ~ r e n c o  forces a  s h i f t  i n  t h e  cu r ren t -vo l  tagc c h a r a c t e r i s t i c s  

of t h e  two diodes, as i l l u s t r a t e d  i n  F igure 3-38, w i t h  the  h igher 

temperature diode hav'ing a  g rea te r  c u r r e n t  f l ow  a t  a  given forward vol tage 

drop. The two opera t ing  cond i t i ons  shown on Figure 3-38 ( p o i n t s  a  and b )  

have been r e f i e c t e d  as t h e  corresponding p o i n t s  on Figure 3-37 t o  i l l u s t r a t e  

t h e  r e l a t i o n s h i p  between t h e  ac tua l  operat ing p o i n t s  on the  forward 

cur rent -vo l tage c h a r a c t e r i s t i c s  and t h e  r e s u l t s  of t h e  c i r c u i t  analysis. It 

should be noted t h a t ,  i n  t h i s  analys is ,  temperature has been used as the  

mechanism t o  fo rce  a  d i f f e rence  between the  two diode charac te r i s t i cs ,  bu t  

d i f f e rences  o f  t h i s  magnitude can a l so  r e s u l t  from t h e  nunrial varia,t iun 

among i n d i v i d u a l  diodes o f  the  same type and suppl ier .  

F igure  3-37 shows t h a t  a  s i g n i f i c a n t  cu r ren t  imbalance can r e s u l t  as the  

j u n c t i o n  temperature d i f f e r e n c e  i s  increased.. At a  t o t a l  bypass cur rent  of 
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Vf ( V o l t s )  

Figure 3-38. I l l u s t r a t i o n  o f  Current Sharing wi th  D i f f e r i n g  Diode 

Junction Temperatures 



30 amperes, t he  4 0 ' ~  j unc t i on  temperature d i f f e rence  w i l l  r e s u l t  i n  a  cur-  

r e n t  s p l i t  of 11.46 amperes i n  diode No. 1  and 18.54 ampere i n  diode No. 2. 

If the 30 amperes represents the t o t a l  ra ted  s h o r t - c i r c u i t  cu r ren t  o f  t he  

branch c i r c u i t  and if each i n d i v i d u a l  module bypass diode has been designed 

t o  accommodate on ly  the  s h o r t - c i r c u i t  cu r ren t  o f  t he  module, t h i s  diode 

temperature d i f fe rence,  however derived, w i l l  r e s u l t  i n  3.54 amperes o f  ex- 

cess cu r ren t  i n  diode No. 2. I f  t h i s  temperature di f ference was t o  occur 

near the  upper l i m i t  o f  the  a l lowable j u n c t i o n  temperature range, such a  

cu r ren t  overload could cause t h i s  l i m i t  t o  he exceeded, 
- 

The a d d i t i o n  o f  a  ser ies  res is tance i n  each bypass path w i l l  reduce the  cur-  

r e n t  mismatch as shown i n  Figure 3-39, where the  R=O curve represents the 
0 

Tj2=90 C curve from Figure 3-37. A t  20 amperes o f  t o t a l  bypass cur rent ,  

t he  a d d i t i o n  o f  0.05 ohms i n  se r ies  w i t h  each diode w i l l  change the cu r ren t  

s p l i t  from 11=7.40/12=12.60 amperes t o  11=9.55/12=10.45 amperes. 

The in f l uence  of t h i s  se r ies  res is tance i s  shown g raph ica l l y  i n  F igure 3-40, 

where the  vol tage drop across the se r ies  res is tance a t  a  given forward cur -  

r e n t  value has been added t o  the diode vol tage drop t o  ob ta in  the  t o t a l  

bypass path p o t e n t i a l  d i f f e rence  represented by the  two dashed curves. 

- Thus, i t  i s  apparent from the  two operat ing cond i t ions  shown (c and d )  t h a t  

t h e  cu r ren t  mismatch between the  para1 1  e l  paths has been s i g n i  f i c a n t l y  

reduced by t h e  change i n  the  slope of t h e  forward conduct ing c h a r a c t e r i s t i c  

caused by t h e  se r ies  res is tance.  The pena l ty  f o r  t h i s  improvement i n  cur -  

r e n t  shar ing i s  increased t o t a l  c i r c u i t  vo l tage drop and associated power 

d i s s i p a t i o n  under forward conduct ing bypass condi t ions.  The consequences of 

t h i s  increased t o t a l  vo l tage drop must be c a r e f u l l y  evaluated w i t h  respect  

t o  the  ar ray  c i r c u t  design i f  there  are normal a r ray  opera t ing  cond i t i ons  

which r e q u i r e  m u l t i p l e  bypass diodes w i t h i n  a  s ing le .  branch c i r c u i t  t o  

conduct a t  t he  same time. Under such cond i t i ons  the  increased vo l tage drop 

associated w i t h  the  bypass se r ies  res is tance may cause a  d i sp ropor t i ona te l y  

l 'arge decrease i n  the, ou tput  c o n t r i b u t i o n  from the  a f f e c t e d  branch c i r c u i t .  

Table 3-31 summarizes the  power d i s s i p a t i o n  by component i n  each of . the  

bypass paths as a  func t i on  o f  t o t a l  c u r r e n t  and se r ies  res is tance value. 

These data can be used t o  address the  quest ion o f  whether thermal runaway i s  

poss ib le  under any o f  the cond i t ions  considered i n  t h i s  analys is .  For a 20 

ampere t o t a l  bypass current ,  Table 3-31 shows t h a t  t he  diode d i s s i p a t i o n s  of 



IT (Amperes) 

Figure 3-39. Current Sharing Between a P a i r  o f  PN Junction Bypass 

Diodes w i t h  Ser ies  Resistance i n  the  Bypass Paths 



Figur 3-40. Illustration o f  Current Sharing with Series 
Resistance i n  the Bypass Paths 



T.able 3-31. .Summary of Bypass C i r c u i t  Power D i s s i p a t i o n *  
.. d 

To ta l  Bypass 

IT I 1  I 2  R Power D i  s s i  p a t i o n  by Corrponent C i r c u i t  Power 
( w a t t s )  D i s s i p a t i o n  

:Amp ) (4mp (Amp (ohms) D l  1 D2 2 ( w a t t s )  

20. 7.40 12.60 0 6:Gl 0 10.23 0 16.24 
8.23 11.77 0.005 6.7'7 0.34' 9.48 0.69 17.28 
9.55 10.45 0.05 8.80 4.56 8.28 5.46 26.30 

* T = 50°c and T = 90°c 
j 1 j 2 



6.01 and 10.23 wat ts  can be expected fo r  diodes Nos. 1 and 2, respect ive ly ,  
C 

which are opera t ing  w i t h  a 4 0 ' ~  temperature d i f fe rence.  When t h i s  i s  com- 

pared t o  t h e  thermal res is tance c h a r a c t e r i s t i c s  o f  two t y p i c a l  bypass diode 

mounting approaches, as shown i n  Figure 3-41, i t  i s  apparent t h a t  these 

mounting designs w i  11 no t  a1 low t h i s  temperature d i f f e r e n c e  t o  be developed 

w i t h  4.22 wat ts  of increased d i ss ipa t i on .  Thus, there i s  no p o s s i b i l i t y  o f  

a thermal runaway if the  PN j u n c t i o n  diodes are adequately ,packaged and 

mounted . 

3.8.2.3 Para1 l e l  -Connected Diodes o f  D i f f e r e n t  Types 

I n  the  previous sec t ion  i t  was shown t h a t  a small res is tance i n  ser ies  w i t h  

each bypass diode could s i g n i f i c a n t l y  improve the  c u r r e n t  sharing among 

i n d i v i d u a l  module bypass diodes of t he  same type i n  a paral lel-connected 

group. The add i t i ona l  vol tage drop associated ' w i t h  t h i s  ser ies  res is tance 

when the bypass diodes are  requ i red  t o  conduct the c i r c u i t  cu r ren t  dur ing 

per iods o f  anomalous module operat ion due t o  shadowing o r  permanent c i r c u i t  

degradation must be c a r e f u l l y  evaluated t o  determine the  l oss  i n  c i r c u i t  

power generat ion capabi 1 i ty a t  t he  system operat ing vo l  tage. 

I HEAT SPREADER 
PLATE AREA 1 

- 
10 

- 16 

- u ' 
ENCAPSULATED DIODE CONF IGURA- 
T I O N  

O-=-=-===g-=--~ AMP I N C .  JUNCTION BOX - W I T H  HEAT S I N K  COVER I 

-- - - -- -. . . -. 

DIODE HEAT D I S S I P A T I O N  (WATTS) 

F igure 3-41. The Thermal Resistance o f  Two. Types o f  

Bypass Diode I n s t a l  1 a t i ons  * , . . . .  . L 



Another method f o r  1 i m i  t i n g  the overcurrent condi t ion i n  an ind iv idua l  

module bypass diode, which does no t  cont r ibute  t o  an increased voltage drop 

i n  the a f fec ted c i r c u i t ,  involves the use o f  an externally-mounted diode as 

i l l u s t r a t e d  i n  Figure 3-42. The external  diode must be sized t o  car ry  the 

e n t i r e  c i r c u i t  sho r t - c i r cu i t  cu r ren t  a t  a voltage drop which i s  

s i gn i  f i c a n t l y  less than t ha t  possib le through the para1 l e l  i n te rna l  bypass 

paths. I f  the i n te rna l  bypass diodes are PN junc t ion  devices, arranged as 

one series-connected diode per module, then the use o f  an external  Schottky 

device, w i t h  i t s  lower voltage drop a t  a spec i f ied current, w i l l  assure the 

p re fe r ren t i a l  f low of bypass cur ren t  through the external  c i r c u i t .  The re- 

s u l t s  of a c i r c u i t  ana lys is  o f  thSs condi t ion are sunnnarized i n  Figure 3-43, 

where the cur rent  r a t i o  i s  g l ~ t t e d  as a funct ion o f  both the j11nct.inn 

temperature of the PN diode and the resistance i n  the Schottky diode path. 

u l e  
ode 

F i  gure 3-42. Para1 l e l  Interconnection of Photovol t a i c  Modules 

Containing Ind iv idua l  Bypass Diodes w i th  an External Diode 



Junc t i on  Temperature o f  Diode No. 1, Tjl (OC) 

Figure 3-43. Current Sharing Between P a r a l l e l  

PN Junction and Schottky Diodes 



This  ana lys i s  has been performed f o r  a t o t a l  bypass cu r ren t  of 20 amperes 

and w i t h  t h e  j u n c t i o n  temperature o f  t h e  Schottky diode f i x e d  a t  75'~. 

With no res is tance i n  the  Schottky diode path and w i t h  equal diode junc t i on  

temperatures, F igure 3-43 shows t h a t  t he  Schottky diode w i l l  c a r r y  160 times 

more c u r r e n t  than the  PN j u n c t i o n  device. The magnitude of t h i s  cur rent  

d i f f e r e n c e  w i l l  decrease somewhat as the  j u n c t i o n  temperature of the  PN 

diode i s  increased r e l a t i v e  t o  the  Schottky device. With a 1 0 0 ~ ~  j u n c t i o n  

temperature d i f ference,  t h e  Schottky w i l l  s t i l l  ca r ry  over 12 times more 

c u r r e n t  than t h e  PN diode. The i n t r o d u c t i o n  o f  se r ies  res is tance i n  the 

Schottky diode path w i l l  have a s i g n i f i c a n t  e f f e c t  on t h i s  cu r ren t  s p l i t .  

The a d d i t i o n  o f  0.01 ohms i n  se r ies  w i t h  the  Schottky diode (equ iva lent  t o  6 

f e e t  o f  the  AWG 12 sol i d  copper w i re  a t  25 '~)  w i l l  cause the  cu r ren t  i n  

t h e  Schottky t o  decrease from 160 t o  9 t imes the c u r r e n t  i n  the  PN device 

f o r  t h e  case o f  a 7 5 ' ~  j u n c t i o n  temperature i n  both diodes. This 

s e n s i t i v i t y  t o  se r ies  res is tance i n  the  Schottky diode path must be care- 

f u l l y  evaluated as p a r t  of t he  ar ray  c i r c u i t  design i f  t h i s  method o f  bypass 

diode p r o t e c t i o n  i s  t o  be employed. 

3.9 BYPASS DIODE RELIABIL1,TY CONSIDERATIONS 

3.9.1 PROBLEM STATEMENT 

The r e l i a b i l i t y  o f  a diode used i n  a bypass a p p l i c a t i o n  w i t h i n  a photo- 

v o l t a i c  module can be def ined as i t s  a b i l i t y  t o  cont inue t o  perform i t s  

in tended design func t i on  under the  e l e c t r i c a l  load ing cond i t ions  and 

environinental in f luences.  The f a i l u r e  o f  a diode used i n  t h i s  a p p l i c a t i o n  
1 

cou ld  mani fes t  i t s e l ' f  as one o r  more o f  the  f o l l o w i n g  anomalous condi t ions:  

1. A s h o r t - c i r c u i t  r e s u l t i n g  i n  the  l oss  o f  the  power generated by the  

f c e l l s  w i t h i n  the  bypassed group and a reduct ion  o f  the  branch 

c i r c u i t  . vo l  tage which i s -  p ropor t i ona l  t o  the  number of ser ies-  

connected c e l l s  w i t h i n  t h e  bypassed group; 

2. An open-c i r cu i t  diode f a i l u r e  r e s u l t i n g  i n  the  e l i m i n a t i o n  o f  t h e  

bypass func t i on  which cou ld  lead t o  increased s o l a r  c e l l  "hot-spot" 

heat ing  under shadowing o r  o ther  c i r c u i t  f a i l u r e  cond i t ions ;  



3. An increase i n  the  reverse leakage cu r ren t  r e s u l t i n g  i n  an increase 

i n  the  shunt power l o s s  dur ing  normal so la r  c e l l  c i r c u i t  operat ion; 

o r  

4. An increase i n  forward vol tage drop a t  a given cu r ren t  l e v e l  and 

temperature which r e s u l t s  i n  increased bypass diode power d i s -  

s i p a t i o n  under s o l a r  c e l l  c i r c u i t  shadowing o r  f a i l u r e  condi t ions.  

The f i r s t  o f  these poss ib le  anomalous cond i t ions  i s  o f  t h e  most concern 

s ince i t  has an immediate and l a s t i n g  e f f e c t  on t h e  c i r c u i t  ou tput  power. 

3.9.2 BYPASS DIODE OPERATING CONDITIONS 

A photovo l ta ic  module bypass diode operates i n  a manner which i s  

character ized by the  f o l l o w i n g  cond i t io i i s :  

a. Prolonged opera t ion  w i t h  the pe r iod i c  a p p l i c a t i o n  o f  a r e l a t i v e l y  

low reverse voltage. This reverse voltage w i l l  genera l ly  be l e s s  

than 15 vdc and w i l l  be app l ied  as 12 hours "ON" fo l lowed by 12 

hours "OFF". Since there w i l l  be n e g l i g i b l e  diode power d i s -  

s i p a t i o n  dur ing  t h i s  per iod  the  diode temperature w i l l  approximate ' 

t he  so la r  c e l l  temperature. This temperature w i l l  approach the  

ambient temperature dur ing  n igh t t ime o r  "OFF" per iods and w i l l  be 

e levated above. the  ambient temperature dur ing  day1 i g h t  per iods by 

an amount which va r ies  w i t h  the  s o l a r  i n t e n s i t y  and wind speed and 

d i rec t i on .  

b. OccasSonal operat ion i n  a forward cu r ren t  conduct ion mode a t  a cur-  

r e n t  which w i l l  vary w i t h  the  i n s o l a t i o n  l e v e l  and c i r c u i t  load ing 

cond i t ions .  As a minimum t h i s  forward conduct ion mode can be 

assumed t o  be t h a t  associated w i t h  the  "hot-spot" endurance 

exposure as def ined i n  UL 1703, "Proposed Standard f o r  sa fe ty  - 
F l  at -Pl  a te  Photovol t a i c  Modules and Panels. " I n  t h i s  procedure 

representa t ive  c e l l s  w f t h i n  the  module o r  panel are subjected t o  

simulated reverse vol tage hot-spot  heat ing cond i t i ons  f o r  a t o t a l  

o f  100 hours. If such a module were t o  con ta in  a bypass diode, the  

diode would be forward conducting dur ing  per iods of c e l l  reverse 

vo l tage heat ing  r e s u l t i n g  i n  a l o c a l  i z e d  d iode heat  d i ss ipa t i on .  



Thus, f o r  the purposes o f  es tab l ish ing a representat ive bypass diode 

operat ing p r o f i l e  over a 20 year array design l i f e t i m e ,  i t  might be 

reasonable t o  inc lude both o f  these condi t ions through the formulation o f  a 

two p a r t  p r o f i l e  w i t h  the fo l low ing  features: 

1. .Reverse vol tage operation for .87500 hours a t  15 vdc w i th  an annual 

average bypass diode temperature (TD) as given by: 

TD = mS+T 
where 

2 
S = annual average i nso la t i on  i n tens i t y  (kW/m 

T = day l i gh t  average ambient temperature (OC) 

m an emp i r i ca l l y  determined esef f ie ient .  A value o f  4,0 i s  

t yp i ca l  o f  a roof-mounted module i n s t a l  l a t i o n  

The annual average reverse b ias  bypass diode temperature ca l  cu l  ated 

from t h i s  r e l a t i onsh ip  i s  l i s t e d  i n  Table 3-32 f o r  the 26 SOLMET 

TMY s i t e  locat ions.  

2. Operation i n  the forward conducting mode f o r  100 hours a t  a current. 

corresponding t o  the so lar  c e l l  c i r c u i t  sho r t - c i r cu i t  cur rent  a t  

100 m~/cm* hl 1.5 i l l um ina t i on  and a t  the NOCT. The diode 

temperature sha l l  be ca lcu la ted a t  t h i s  d iss ipate  condi t ion w i th  an 

assumed background temperature equal t o  the NOCT. 

3.9.3 KEC'I ' IF Y I N G  DIOClE RELIABILITY 

The fac tors  in f luenc ing  the r e l i a b i l i t y  o f  d i sc re te  semiconductor devices 

are addressed by Herr, e t  al., o f  the General E i e c t r i c  Company i n  

Reference C81. The usual f a i l u r e  pat tern  f o r  such components i s  the 

f a m i l i a r  "bathtub" curve shown i n  Figure 3-44. The f i r s t  po r t i on  of t h i s  

curve i s  characterized by a sharply increasing and then a s tead i ly  

decreasing f a i l u r e  r a t e  dur ing the burn-in por t ion  o f  device l i f e .  After 

t h i s  i n i t i a l  burn-in period, where the f a i l u r e s  can be a t t r i bu ted  t o  

workmanship f a u l t s  no t  detected dur ing the manufacturing process, a per iod 

of r e l a t i v e l y  constant f a i l u r e  r a t e  can be expected. The f i n a l  por t ion of  

8. E.A. Herr, et .  a1 . , " R e l i a b i l i t y  Evaluation and Pred ic t ion f o r  Discrete . 

Semiconductors", IEEE Transactions on Re1 i a b i l  i ty, August 1980, Volume 
R-29 Number 3-Catal ogue No. ISSN0018-9529. 



Table 3-32. F o m u l a t i o n  o f  t h e  Annual Average Reverse 

Bias Bypass Diode Temperature 

SOLMET 
S i t e  

A1 buquerque, NM 
Apalachico la,  FL 
Bismarck, ND 
Boston, MA 
Brownsv i l le ,  TX 
Cape Hat teras,  NC 
Caribou, ME 
Charleston, SC 
Columbia, MD 
Dodge C i t y  , KS 
E l  Paso, TX 
Ely, NV 

' F o r t  Worth, TX 
Fresno, CA 
Great F a l l s ,  PlT 
Lake Charles, LA 
Madison, W I  
Medford, OR 
Miami , FL' 
Nashv i l le ,  TN 
New York, NY 
Omaha, NB 
Phoenix, AZ 
Santa Maria, CA 
Sea t t l e ,  WA 
Washington, DC 

I 

T 

Annual To ta l  
L a t i t u d e  T i  1 t 

I n s o l a t i o n  
(kwh/$) 

2401 
1866 
1707 
1421 
1868 
1747 
1418 
1690 
2058 
205 5 
2434 
2230 
1877 
21 69 
171 5 
1652 
1554 
1699 
1802 
1589 
1402 
1767 
2394 
2039 
1299 
1559 

Annual Average 
I n s o l a t i o n  I n t e n s i t y  

( kw/m2 

0.521 
0.399 
0.374 
0.314 
0.406 
0.382 
0.310 
0.388 
0.449 
0.443 
0.536 
0.481 
0.. 409 
0.475 
0.376 
0.362 
0.345 
0.367 
0.394 
0.356 
0.318 
0.385 
0.528 
0.444 
0.281 
0.340 

Annual Day1 i g h t  
Average 
Ambient 

Temperature (OC) 

15.6 
22.4 
6.8 

11.4 
25.4 
18.3 
5.2 

19.8 
14.1 
14.6 
20.2 
9.1 

20.7 
18.9 
8.8 

21.4 
8.7 

13.5 
26.3 
16.8 
13.8 
12.6 
24,3 
16.1 
11.9 

. 13.6 

Annual Average Reverse 
Bias Bypass Diode 
Temperature (OC) 

36.4 
38.4 
21.8 
24.0 
41.6 
33.6 
17.6 
35.3 
32.1 
32.3 
41.6 
28.3 
37.1 
37.9 
23.8 
35.9 
22.5 
28.2 
42.1 
31 .O 
26.5 
28.0 
45.4 
33.9 
23.1 
27.2 

4 

1 



Figure  3-44. Semiconductor F a l l u r e  Rate As a Funct ion o f  T ine 

I 

t h e  f a i l u r e  r a t e  p r o f i l e  i s  charac ter ized by increas ing  device f a i l u r e s  

i d e n t i f i e d  as a  wear o u t  phenomena. This  p o r t i o n  i s  extremely d i f f i c u l t  t o  

d e f i n e  and w i l l  vary depending on the  method o f  f a b r i c a t i o n  and the app l ied  

s t ress .  This  i nc reas ing  f a i l u r e  r a t e  can be in t roduced by such mechanisms 

as thermal f a t i g u e  o f  t h e  so lders  between the  s i l i c o n  d i e  and t h e  mount (due 

t o  repeated c y c l i n g  o f  j u n c t i o n  temperature w h i l e  t he  case i s  a t  a  more o r  

l e s s  f i x e d  temperature), b y  f a t i g u e  o f  i n t e r n a l  c o n s t r u c t i o n  (due t o  

mechanical s t ress ) ,  o r  by bu l k  defects.  L i t t l e  data  are  a v d i l a b l e  from 

either l i f e  t e s t s  O r  s.ystem f i e l d  t e s t s  t o  permi t  an accurate p i c t u r e  of 
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t h i s  p o r t i o n  o f  t h e  curve. In sharp c o n t r a s t  t o  t hc  e a r l y  l i f e  f a i l u r e s ,  

t h a t  may be charac ter ized as workmanship f a u l t s ,  t h e  f a i l u r e s  which occur i n  

t h e  wear o u t  p e r i o d  a re  be l i eved  t o  be a  r e s u l t  of bas jc  design l i m i t a t i o n s .  

Accelerated t e s t i n g  o f  t he  two types i l l u s t r a t e d  i n  F igure  3-45 i s  comnonly 

used t o  evaluate e a r l y  designs of new products and process changes and t o  

acqu i re  f a i l u r e  r a t e  data. The f i r s t  of these, c a l l e d  step s t ress  t e s t i n g ,  

i s  u s u a l l y  used f o r  e x p l o r i n g  t h e  c a p a b i l i t y  of a  device i n  a  s t ress  domain 

o f  i nc reas ing  magnitude. The sample s i z e  i s  genera l l y  small and the  t ime 

d u r a t i o n  a t  each s t ress  l e v e l  i s  shor t .  Consequently, t h e  r e s u l t s  o f  t h i s  

t e s t i n g  a r e  n o t  use fu l  i n  determin ing f a i l u r e - i n - t i m e  pa t te rns  because of 
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F i  gure 3-45. Accel e ra ted  Test ing Options 

the  cumulat ive e f f e c t  o f  t h e  several l e v e l s  o f  s t ress  on t h e  device per -  

formance. The s t ress- in - t ime tes ts ,  which i s  t he  second method il l u s t r a t e d  

i n  F igure  3-45, i s  more s u i t e d  t o  t h i s  o b j e c t i v e  s ince  device performance i s  

evaluated a t  constant  s t ress  as a  f u n c t i o n  o f  exposure t ime. Three l e v e l s  

o f  s t ress  a re  commonly used w i t h  a  sample s i z e  o f  from 20 t o  100 o r  more 

devices. Each group o f  samples i s  subjected t o  each o f  the  es tab l ished 

s t ress  l e v e l s  f o r  a  du ra t i on  o f  a t  l e a s t  1000 hours. This  t e s t i n g  method 

can be used t o  ob ta in  f a i l u r e  r a t e  data which forms the  bas i s  f o r  a  p l o t  o f  

t he  type shown i n  F igure 3-46 f o r  a t y p i c a l  r e c t i f y i n g  diode. The pre-  

dominant f a i l u r e  mechanisms found i n  semiconductor devices are  r e l a t e d  t o  

j u n c t i o n  temperature and f i t  the  Arrhenius model as shown i n  the  f i gu re .  It 

i s  important  t o  note t h a t  the  bas is  f o r  t h i s  f a i l u r e  r a t e  data i s  a 

r e c t i f y i n g  a p p l i c a t i o n  w i t h  a  60 Hz s inuso ida l  waveform. The c r i t e r i a  f o r  

f a i l u r e  a re  a l so  cons i s ten t  w i t h  t h i s  a p p l i c a t i o n  and genera l l y  inc lude a  

low th resho ld  o f  leakage c u r r e n t  (10 t o  5QO PA)  a t  a  s p e c i f i e d  reverse 

vo l tage as w e l l  as a  small change i n  the  forward vo l tage drop (10 t o  100 mV) 

a t  a  s p e c i f i e d  forward cur ren t ;  

The data represented by Figure 3-46 app l i es  t o  the  use fu l  l i f e  p o r t i o n  of 

t he  f a i l u r e  r a t e  curve, and, as such, assumes t h a t  t he  vas t  m a j o r i t y  o f  the  
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Figure 3-46. Fa i l u re  Rate f o r  a Typical Rec t i f y ing  Diode 

workmanshi p f a i l u r e s  have been uncovered dur ing a  burn- in period. The 

f a i l u r e  r a t e  dur ing t h i s  burn- in per iod i s  s i g n i f i c a n t l y  h igher as il- 

l u s t r a t e d  by data supp l i t d  by Stmican Inc. on power r e c t i f i e r  r~unlter-s 

JANTXlN1184 and JANTXlN1204A. When these two diode types were subjected t o  

the  burn- in t e s t  as d e f i n e d  i n  MIL-S-19500 and i l l u s t r a t e d  i n  Figure 3-47, 

f a i l u r e  ra tes  o f  3.31 and 3.39 percent resu l ted  f o r  the IN1184 and 1N1204A 

diodes, respect ively.  These burn- in f a i l u r e  ra tes  are  11 and 6 times 
greater  than the 175 '~  and 100 percent vol tage po in t  from Figure 3-46 f o r  

t he  two diode types, respect ive ly .  

MIL-HDBK-217D [9] es tab l ishes a  uniform method f o r  p red i c t i ng  the re-  

l i a b i l i t y  o f  e l ec t r on i c  equipment. This methodology represents the f a i l u r e  

9. MIL-HDBK-21 7D, " M i  1  i ta ry  Handbook - Re1 i a b i  1  i t y  Pred ic t ion  of 
E lec t ron ic  Equipment," 15 January 1982. 
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v = 100 v ( f o r  1N1184) r 
= 400 v ( f o r  1N1204A) 

Diode Case Temperature = 1 7 5 ' ~  

Test Dura t ion  = 96 hours ( f o r  1N1184) 

= 168 hours ( f o r  1N1204A) 

F a i l u r e  C r i t e r i a  

A I R  = 100 percent  o r  100 p Adc, whichever i s  g rea te r  ( f o r  IN1 184) 

= 100 percent  o r  20 pAdc, whichever i s  g rea te r  ( f o r  1N1204A) 

Av f  = f 0.1 v f rom the  i n i t i a l  va lue 

F igu re  3-47. MIL-S-19500 TX-Type Diode Burn- in  Test D e f i n i t i o n  



r a t e s  of d i s c r e t e  semiconductor devices by t h e  re la t i onsh ip :  

A p  ' %,, ( n E  X nA X " nR X n X ") fa i l u rees /10~  Hours Eqn ( 1 )  Q s 2 

where(hb i s  a  base f a i l u r e  r a t e  and the  o ther  m u l t i p l y i n g  fac tors  are ap- 

p l i c a t i o n  dependent m o d i f i e r s  as described i n  Table 3-33. General purpose 

s i l  i c o n  r e c t i f y i n g  diodes, which are  o f  i n t e r e s t  f o r  photovol t a i c  bypass 

appl i c a t i o n s ,  a re  i d e n t i f i e d  as Group I V  i n  accordance w i t h  t h i s  c a l c u l a t i o n  

procedure. The base f a i l u r e  r a t e  f o r  Group I V  s i l i c o n  diodes i s  given by: 

Eqn ( 2 )  

where 

T = t h e  opera t ing  temperature, ambient o r  case, as applicable (OC) 

S = t h e  s t ress  r a t i o  o f  opera t ing  e l e c t r i c a l  s t ress  t o  ra ted  

e l e c t r i c a l  s t ress  

I 
s = (CF) 

IWX 

IN = 
operating average forward c u r r e n t  

I MAX = maximum r a t e d  average forward c u r r e n t  a t  TS I 

TS 
= maximum ambient o r  case temperature a t  which 100 percent o f  the 

rated laad can be d i ss ipa ted  w i thou t  causing the  spec i f i ed  maximum 

j u n c t i o n  temperature t o  be exceeded. 

CF = s t ress  c o r r e c t i o n  f a c t o r  

The s t ress  c o r r e c t i o n  f a c t o r  (CF) i s  defined based on t h e  cond i t ions  of . 

device r a t i n g  as enumerated i n  Table 3-34. 

An est imate o f  t he  expected p a r t  f a i l u r e  r a t e  i s  obta ined by m u l t i p l y i n g  

t h i s  base r a t e  by t h e  product  of t he  var ious modi fy ing  fac tors  def ined i n  

Eqn (1 1. Table 3-35 presents t h e  values of these s i x  f a c t o r s  f o r  a  

general-purpose s i l i c o n  r e c t i f y i n g  diode as obta ined from MIL-HDBK-217D. 



Table 3-33. M u l t i p l y i n g  Factors f o r  P a r t  F a i l u r e  Rate Models 

For each parameter the  appropr ia te  t a b l e  has been marked t o  i n d i c a t e  the 

value which b e s t  describes the  bypass diode app l i ca t i on .  The twenty 

FAC TOK 

n~ 

n~ 

n~ 

n d  

n c  

n ~ 2  

environment ca tegor ies  l i s t e d  i n  Table 3-35(a) range from a benign ground, 

CESCRIPTION 

Environment - Accounts f o r  in f luence 
o f  environmental f a c t o r s  o ther  than 
temperature. Related t o  a p p l i c a t i o n  
ca tegor ies  

Q u a l i t y  - Accounts f o r  e f fec ts  of  
d i f f e r e n t  q u a l i t y  l eve l s .  

App l i ca t i on  - Accounts f o r  e f f e c t  o f  
a p p l i c a t i o n  i n  terms o f  c i r c u i t  
func t ion .  

Rat ing - Accounts f o r  e f fec t  o f  
maximum power o r  c u r r e n t  r a t i n g .  

Construct ion - Accounts f o r  e f f e c t  o f  
m u l t i p l e  devices i n  a  s i n g l e  
package. 

Voltage Stress - Adjusts model f o r  a  
second e l e c t r i c a l  s t ress  ( a p p l i c a t i o n  

.- vol tage)  i n  a d a i t i o n  t o  wattage 
inc luded w i t h i n  Ab. 

I 

G B y  c o n d i t i o n  t o  a  cannon launch, CL, w i t h  a  f i x e d  ground, GF, being 

se lec ted  as t h e  most rep resen ta t i ve  f o r  t he  pho tovo l ta i c  bypass app l ica-  

t i o n .  As shown i n  Table 3-35, t he  product  of t h e  selected values o f  t he  s i x  

f a c t o r s  equal s  61 4.3. 

Using F igure  3-48 as a  t y p i c a l  s i l i c o n  PN j u n c t i o n  diode temperature de- 

r a t i n g  curve, and assuming t h a t  t he  diode i s  operated a t  a  Iop/IW\X 

r a t i o  o f  0.5, t h e  CF value can be c a l c u l a t e d  as: 



Tab1 e 3-34. MIL-HDBK-217D S i  1 icon Diode D e r a t i  ng Conditions 

Condi t ions V a l  ue Value 

Case Temperature (OC) 
I 



Table 3-35. The Evaluation of Multiplying Factors for General 
Purpose Silicon Diodes 

I Qua1 i t y  Leve l  I n Q I  

+, 

JANTXV 

JANTX 

I JAN 1 1 . 5 1  

f 

c- 

Environment 

GB 

GF 

N~~ 

N~ 

A~~ 

MP 

M~~ 

M~~ 

GM 

N~ 

N~~ 

A~~ 

NU 

A~~ 

A~~ 

USL 

A~ F 

M~ 

L 

*Hermetic packaged devices. 
**Devices sea led o r  encapsulated 

w i t h  o rgan ic  m a t e r i a l .  

n 
1 

1 

3.9 

4.8 

4.8 

12 

1.2 
12 

17 

18 

19 

20 

20 

2 1 

2 5 

27 

36 

40 

41 

690 

-- 

Contact Cons t ruc t i on  

M e t a l l u r g i c a l l y  Bonded 

Non-metal1 u r g i c a l l  y Bonded 
(Spr ing loaded con tac ts )  1 2 /  

Lower* 7.5 

Voltage Stress. S2 = App l i ed  VR x 10 

Hated V R  

( d l  , 

VR = d iode reve rse  vo l tage.  

,.C P l a s t i c * *  

+ 

15.0 

Current  Ra t i ng  
(amps. ) 

5 1 
1 t o  3 

3 t o  10 

10 t o  20 

20 t o  50 
-.,p _ 

+ ( e l  . 

n R  

1 

1:5 
2.0 

4.0 

10.0 
A p p l i c a t i o n  n A  

1 .O 

0.6 

1.5 

2 . 5 l j u n c t i o n  

4 

( f )  

1 - 
* 

Analog C i r c u i t s  ( 1 5 0 0  ma.) 

Swi tch ing ( <  500 ma.) 

Power R e c t i f i e r  ( 1 5 0 0  ma. ) 

Power Rect. (H.V. Stacks) 
V max > 600 

70 

80 

90 

100 

0.75 

O.Rn 

0.90 

1 .o 

S2 (Percent )  

--- 
O t o 6 0  

~2 

0.70 6 



Figure 3-48. Typical  S i l i c o n  PN Junct ion 

Diode Temperature Derat ing Curves 

w i t h  a corresponding S va lue o f  
I 

S = (CF) = (0.5)(0.307) = 0.154 
IMAx 

Under these cond i t i ons  the  expected f a i l u r e  r a t e  i s  g iven by: 

AP =. 614.3 (0.172) exp 

where 

T = the  opera t ing  diode case temperature (OC) 

Th is  r e l a t i o n s h i p  i s  p l o t t e d  i n  F igure 3-49 over the  case temperature range 

from 50 t o  175'~. 

3.9.4 ASSESSMENT OF BYPASS DIODE RELIABILITY 

The a p p l i c a b i l i t y  o f  a v a i l a b l e  diode r e l i a b i l i t y  data o f  t he  type described 

i n  the  previous sec t ion  t o  the  cond i t i on  of bypass diode operat ion was 
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addressed through personal contacts w i t h  several semiconductor 

manufacturers. No f a i l u r e  r a t e  data i s  ava i lab le  f o r  the operation o f  power 

diodes i n  the continuous dc reverse voltage blocking mode which i s  t yp i ca l  

of the normal bypass diode operating condi t ion.  There i s  a. genera1 agree- 

ment among experts i n  t h i s  f i e l d  t h a t  the continuous dc .reverse voltage 

operat ion w i l l  tend t o  increase the leakage cur ren t  w i t h  time compared t o  a 

nonnal ac r e c t i f y i n g  appl i ca t ion .  However, the f a i l u r e  1 i m i  t f o r  reverse 

vol tage leakage cur ren t  i n  a photovol ta ic module bypass app l i ca t ion  can be 

many orders o f  magnitude higher than t h a t  f o r  the power r e c t i f i e r  and s t i l l  

operate s a t i s f a c t o r i l y .  Consider a 6 ampere ra ted  bypass c i r c u i t  design 

where a 0.5 percent power loss  due t o  dfode leakage i s  allowed. Under these 

condi t ions the c i r c u i t  can t o l e ra te  up to.  30 mA o f  leakage cur rent  before 

the diode' i s  considered t o  have fa i led .  The reverse leakage cur rent  o f  a 

t y p i c a l  power s e c t i  f y i n g  diode i s  character i  s t i c a l  l y  i nsens i t i ve  t o  exposure 

t ime a t  a given value o f  imposed 'reverse voltage. An order of magnitude i n -  

crease i n  exposure t ime i s  general ly  required before a detectable increase 

i n  leakage cur rent  occurs. 

Notwithstanding the obvious shortcomings i n  the ava i lab le  f a i l u r e  r a t e  data 

as i t  might be app l icab le  t o  the bypass diode operating condit ions, i t  i s  

possib le t o  draw ce r t a i n  conclusions based upon r e c t i f y i n g  diode data. For 

the photovol ta ic module bypass appl icat ion,  the dlode reiiaBl1S'Ey w l l l  be 

almost exc lus ive ly  determined by the reverse bias operating condi t ions since 

the exposure time under these condi t ions i s  many orders o f  magnitude l a rge r  

than the expected exposure t o  a 'forward conducting operating condit ion. 

Fortunately, the average junc t ion  temperature under these reverse bias 

operat ing condi t ions i s  r e l a t i v e l y  low; w i  t h  4 5 ' ~  being the maximum ex-  

pected average temperature f o r  a US s i t e  l 'ocation. Also the magnitude of 

the reverse vol tage i s  a small f r a c t i o n  o f  the lowest ava i lab le  ra ted value 

f o r  PN junc t ion  devices. These two factors combine t o  y i e l d  a low f a i l u r e  

r a t e  f o r  t h i s  diode app l i ca t ion  based on the ava i lab le  data. I f  Figure 3-46 

i s  assumed t o  represent the f a i l u r e  r a t e  o f  such diodes, then these 

condi t ions should y i e l d  0.000015 f a i l u r e s  per 1000 hours o f  operation o r  a 

0.0013 device f a i l u r e  p robab i l i t y  'over the 20 year design l i f e  of the 

t e r r e s t r i a l  array. 



3.10 DIODE CELL THERMAL CYCLE TESTING 

Semicon PN junct ion diode c e l l s  o f  two d i f f e r e n t  sizes and ra t ings  (S10976 

and S10977) were soldered t o  small 0.032 inch th i ck  copper heat spreader 

p lates and subjected t o  100 thermal cycles between the temperature extremes 

of 150 and -40'~. The dual chamber thermal cyc l ing  apparatus p ic tured i n  

Figure 3-50 was used t o  obtain the temperature p r o f i l e  shown i n  Figure 

3-51. With t h i s  apparatus, which conveys the specimens i n  a wire blanket 

elevator between the hot  chamber a t  the top and the lower co ld  chamber, i t  

i s  possible t o  obtain cycle time durations o f  approximately 26 minutes w i th  

a t  l e a s t  5 minutes o f  dwell time a t  each of the temperature extremes. 

P r i o r  t o  t h i s  temperature cyc l ing  exposure each o f  the s i x  specimens o f  each 

diode c e l l  type was screened t o  determine e l e c t r i c a l  character is t ics ,  both 

forward and reverse, and t o  quant i fy  the i n i t i a l  thermal resistance between 

the device junc t ion  and the heat spreader. The equipment p ic tured i n  Figure 

3-52 was used t o  determine these thermal resistance values i n  much the same 

way as described i n  Appendix A where i nd i v idua l l y  determined curves o f  

forward voltage drop ( a t  a 0.5 ampere t e s t  current)  versus temperature are 
used t o  determine the junct ion temperature during high power pulse 

operation. This power pulse i s  in terrupted on a r e p e t i t i v e  5 percent duty 

cycle t o  permit the determination o f  junct ion temperature by the measurement 

of diode forward voltage drop a t  the established 0.5 ampere t e s t  current. 

Using the previously determined cal  i b r a t i o n  curve and ext rapolat ing the  f o r -  

ward voltage drop measurements back t o  the ins tan t  o f  power pulse in terrup-  

t i o n  i t  i s  possible t o  ca lcu late the device thermal resistance. 

The resu l t s  o f  these measurements are sumnarized i n  Table 3-36 along w1 t n  

the corresponding values obtained a f t e r  the thermal cyc l ing  exposure. I n  

a l l  bu t  two cases there was a s ign i f i can t  increase i n  the thermal resistance 

between the s i l i c o n  d ie  and the heat spreader. Such changes are usual ly 

i nd i ca t i ve  o f  a propagation o f  the void area i n  the solder j o i n t  and i t  i s  

probably safe t o  assume t h a t  the solder j o i n t  between the niodc c e l l  and the 

heat spreader i s  more susceptible t o  t h i s  occurrence since i t  was made using 

a less  fa t igue res i s tan t  Sn62 solder i n  an uncontrol led hand soldering 
operation without the use o f  forming gas. It i s  also i n te res t i ng  t o  note 

tha t  the la rges t  changes i n  thermal resistance are associated w i th  the 
smaller R-type specimens. This appears t o  be contradictory wi th  the 



Figure 3-50. Thermal Cycle Test Apparatus 



5 M I N  

Figure 3-51 . Typical Thermal Cycle Temperature Profile 

predictions of theory which would assign the larger solder stress to the 
b-I 
-n 
& 1 arger area device. 
f -  

L 
I; The electrlcal properties of the specimen diodes subjected to this 
5: 

- temperature cycllng exposure were nominal to s t a r t  and were not D 
9, ., significantly degraded by the exposure. In fact  i n  several cases there was 

i an improvement i n  the h i g h  ( > 400 volts) reverse voltage stabil i ty of the 
C *- device. 

J .  



(a) Overall View 

(b)  Close-up o f  Specimen Mounting 
Figure 3-52. Thermal Resistance Measurement Equipment 



Table 3-36. Thermal Resistance Measurements Before 

and A f t e r  Temperature Cyc l ing  

(1)  Inc ludes the  thermal res i s tance  o f  a grease i n t e r f a c e  between the  - 
cathode p l a t e  and the  heat  sink. The c a l c u l a t e d  thermal 
res is tance o f  t h i s  i n t e r f a c e  i s  O.z0C/watt based on nominal 
values f o r  con tac t  area and grease f i l m  thickness. 

L 

(2 )  100 cyc les  between 150 and -40°c 

(3)  R designates the  510976 device 

Specimen 
I d e n t i f i c a t i o n  

Number 
-..- . * 

R l ( 3 )  

R 2 

R3 

R4 

R 5 

R6 

G I  ( 4 )  

62 

63 

64 

G 5 

G 6 

(4 )  G designates t h e  S10977 device 

Junct ion-to-Sink Thermal ( l )  
Resi stance 

Before Thermal 
Cycl i n g  

--- 

0.35 

0.35 

0.25 

0.39 

0.29 

0.36 

0.22 

0.55 

0.22 

0.30 

0.23 

0.26 

. 

1°C/watt Percent 

After 
Change 

Cycl i n g  
- .- . . . . - 

0.58 

0.75 

0.42 

0.80 

2.00 

0.70 

0.76 

0.65 

0.26 

0.52 

0.40 

0.45 

+ 66. 

+114. 

+ 68 

+105. 

+590. 

+ 94. 

.+245. 

+ 18. 

+ 18. 

+ 73. 

+ 74. 

+ 73. 



SECTION 4  

CONCLUSIONS AND RECOMMENDATIONS 

The laminat ion  of bypass diodes w i t h i n  the  module encapsulant solves many of 

t h e  problems associated w i t h  the  mounting of conventional packaged diodes 

ex terna l  t o  the  module, inc lud ing:  (1 the  l o c a t i o n  o f  a s u i t a b l e  mounting 

area which i s  l a r g e  enough t o  accommodate t h e  r a t h e r  bu lky  diode package and 

associated heat sink, ( 2 )  t h e  e l e c t r i c a l  i s o l a t i o n  o f  the  diode case, which 

I s  usual ly t h e  cathode connect ion o f  t he  diode, from the m e t a l l i c  heat  sink, 

( 3 )  the  e l e c t r i c a l  bonding of the  m e t a l l i c  heat  s ink t o  the  module o r  a r ray  

s t r u c t u r a l  ground, and ( 4 )  t he  i s o l a t i o n  o f  t h e  e l e c t r i c a l l y  a c t i v e  pa r t s  o f  

the  bypass diode assembly from contac t  by personnel. 

The soldered assembly of t he  diode c e l l  t o  the  heat spreader p l a t e  can be 

convenient ly  laminated on the  r e a r  s ide of the  sol'ar c e l l  c i r c u i t  where 

d i r e c t  connections t o  the  c i r c u i t  terminat ions are possib le.  This r e l a t i v e -  

l y  t h i n  package can be r e a d i l y  accommodated w i t h i n  the  e x i s t i n g  encapsulant 

system where i t  i s  e l e c t r i c a l l y  i s o l a t e d  from the  surroundings and environ- 

menta l ly  protected. 

Pad-mounted PN j u n c t i o n  diodes o f  the  type suppl ied by Semicon as a con- 

merc ia l  product l i n e  are. i d e a l l y  s u i t e d  t o  t h i s  app l ica t ion .  

The heat spreader p l a t e  s i ze  requ i red  t o  accommodate the  diode heat d i s -  

s i p a t i o n  associated w i t h  a par t . i cu la r  s h o r t - c i r c u i t  c u r r e n t  r a t i n g  can be 

determined from experimental data obtained on representa t ive  module segments 

conta in ing  diode/heat spreader assemblies o f  var ious sizes. These data 

y i e l d  a recommended p l a t e  s i z e  versus diode heat d i s s i p a t i o n  r e l a t i o n s h i p  as 

shown i n  Figure 4-1. There was a 1 arge discrepancy between these exper i -  

mental r e s u l t s  and the  p red ic t i ons  o f  a mult i -node thermal model. Fur ther  

work remains i n  t h e  improvement o f  t h i s  thermal model t o  more accurate ly  ac- 

count f o r  t h e  l a t e r a l  conduct ion o f  heat  away from the  h o t  spot. 
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Figure 4-1. Recommended Encapsulated Diode Heat Spreader P la te  

Size Based on L imi ted  Ex.perimenta1 Data 

A comparative c o s t  ana lys i s  o f  the  encapsulated diode c e l l  mounting approach 

versus t h e  ex terna l  enclosure mounting of a packaged diode has revealed no 

s t rong c o s t  r e l a t e d ' i n c e n t i v e  f o r  one approach over another. I n  cases where 

t h e  requirement f o r  mu1 t i p l e  module bypass diodes would r e q u i r e  the  repeated 

pene t ra t i on  o f  the  module encapsulant f o r  connections t o  external ly-mounted 

diodes, i t  would seem l o g i c a l  t o  mount the  diodes as an i n t e g r a l  p a r t  o f '  t he  

encgpsul a t i o n  system so t h a t  no intermediate penet ra t ions  a re  required.  

The use o f  a s i n g l e  module-mounted bypass diode must be questioned on the 

bas is  o f  intended func t ion  s ince such an a p p l i c a t i o n  w i l l  n o t  enhance the 

s u r v i v a b i l i t y  of t he  module i n  the  hot-spot heat ing  t e s t  environment, as 



defined by t h e  proposed UL standard, and the i n c l u s i o n  o f  a s i n g l e  bypass 

diode a t  t he  nodule l e v e l  may on l y  compl icate the  a r ray  c i r c u i t  design by 

i n t roduc ing  prob l  ens o f  c u r r e n t  shar ing among these i n d i v i d u a l  module diodes 

if the a r ray  c i r c u i t  designer wishes t o  employ a para1 l e l  -connected group of 

modules as a c i r c u i t  element. Under such circumstances c u r r e n t  shar ing 

among para l le l -connected diodes can be fo rced  by t h e  i n c l u s i o n  of an ap- 

p r o p r i a t e l y  se lec ted  se r ies  res i s tance  value i n  each bypass path. The mag- 

n i t ude  o f  t he  vo l tage drop i n  each forward conduct ing bypass pa th  w i l l  be 

s i g n i f i c a n t l y  increased by the  presence o f  t h i s  a d d i t i o n a l  res is tance.  

This, i n  tu rn ,  may cause a d i s p r o p o r t i o n a t e l y  l a r g e  decrease i n  t h e  power 

ou tput  c a p a b i l i t y  o f  the  a f f e c t e d  branch c i r c u i t  a t  t h e  system output  

vo l tage which i s  determined by the  maximum power ope ra t i ng  p o i n t  of the  un- 

af fected source c i r c u i t s .  This shortcoming can be avoi.ded by the  use o f  an 

external ly-mounted bypass diode which i s  se lec ted  by the  a r ray  c i r c u i t  

designer and s ized t o  accommodate the  bypass c u r r e n t  from a l l  p a r a l l e l -  

connected nodules i n  t he  bypass group. V i r t u a l l y  a l l  bypass c u r r e n t  w i l l  

f low through t h i s  l a r g e  ex terna l  diode i f  i t s  forward vo l tage drop, when 

passing t h i s  cur ren t ,  i s  s i g n i f i c a n t l y  l e s s  than the  i n d i v i d u a l  module 

diodes. Such a s i t u a t i o n  can e x i s t  i f  the  l a r g e  ex te rna l  diode i s  a 

Schottky device and the  s i n g l e  module diodes a r e  PN j u n c t i o n  devices o r  if 

m u l t i p l e ,  series-connected PN j u n c t i o n  devices are used as module bypass 

diodes w i t h  a s i n g l e  l a r g e  PN j u n c t i o n  diode used as the  a r ray  bypass diode. 

The pho tovo l ta i c  module bypass a p p l i c a t i o n  i s  n o t  p a r t i c u l a r l y  demanding 

r e l a t i v e  t o  the  convent ional r e c t i  f y i n q  agpl icat. ion f o r  powcr diodes. The 

' opera t ing  environment f o r  a pho tovo l ta i c  module bypass diode i s  charac ter -  

i z e d  by a prolonged exposure t o  a low l e v e l  reverse vo l tage (-0 vdc dur ing  

n igh t t ime  per iods  and t y p i c a l l y  15 vdc du r ing  daytime per iods) .  Under these 

reverse vo l tage cond i t i ons  the  diode temperature v a r i e s  from near the 

ambient a i r  temperature du r ing  n igh t t ime  per iods  t o  a temperature approx- 

ima te l y  equal t o  t he  module opera t ing  temperature du r ing  daytime periods. 

Occasionaf ly t he  diode may be requ i red  t o  per form i t s  bypass f u n c t i o n  by 
conduct ing the  c i r c u i t  c u r r e n t  i n  t he  forward d i r e c t i o n .  Under these con- 

d i t i o n s  t h e  diode j u n c t i o n  temperature cou ld  approach the  maximum ra ted  

value, b u t  t he  t ime spent i n  t h i s  mode o f  ope ra t i on  i s  several  o rders  of 

magnitude l e s s  than the  t ime spent i n  t he  reverse vo l tage ope ra t i ng  mode. 



Diode f a i l u r e  r a t e  data ' is ava i lab le  f o r  a r e c t i f y i n g  app l i ca t ion  where the 

e x c i t a t i o n  source i s  a 60 Hz sinusoidal  waveform and where f a i l u r e  i s  de- 

f ined as a r e l a t i v e l y  small change i n  reverse leakage current. The appl ica- 

t i o n  of t h i s  data t o  the dc blocking operation o f  a bypass diode leads t o  

the general conclusion that ,  w i t h  proper design, the bypass diode f a i l u r e  

r a t e  w i l l  be s u f f i c i e n t l y  low so t h a t  t h e i r  i nc lus ion  can be j u s t i f i e d  on 

the  bas is  of an ove ra l l  a r ray  re1 i a b i l  i t y  improvement over a 20 year design 

1 i fe t ime.  

The thermal resistance between. the diode junc t ion  and the heat spreader i s  a 

c r i t i c a l  elemerit i n  the  dctermin i t fon of diode junc t ion  temperature (and, 

hence, re1 i a b i l  i t .y)  under forward conducting condit ions. The s t a b i l l  t y  of 

t h i s  . thermal resistance w i t h  temperature cyc l  i ng  'requires f u r t he r  study in 

the 1 i g h t .  of. the r e s u l t s  from a I imf ted  thermal cyc l i ng  exposure t e s t  where 

twelve specimens were cycled 100 ' times between the extremes of -40 and 

1 5 0 ~ ~ .   his temperature cyc l i ng  exposure, which i s  unquestionably severe 

i n  terms o f  the magnitude o f  the temperature extremes, resu l ted  i n  s i g n i f i -  

cant  increases i n  the thermal r e s i  stance across the soldered in te r face  be- 

tween the s i l i c o n  d i e  and the heat spreader. Such changes i n  thermal res is -  

tance are i nd i ca t i ve  o f  the propagation o f  void areas i n  the solder j o l f i t .  



APPENDIX A 

THERMAL RESISTANCE MEASUREMENTS 
OF 

PAD-MOUNTED DIODE CHIPS 

A.1 TEST ARTICLE CONFIGURATION 
Thermal resistance t e s t  a r t i c l e s  wi th  nickel  -plated copper cathode plates 

and anode straps soldered t o  the pad-mounted diode chips were fabricated t o  

the configuration shnwn i n  Figure A-1. The cathode plates were bent as i n -  

dicated t o  provide a uniform area i n  contact wi th  the t e s t  apparatus thermal 

block t h a t  provides a reference heat sink temperature. A t h i n  layer o f  

thermal grease i s  applied between the diode assembly and the t e s t  apparatus 

thermal block. The clamp shown i n  Figure A-2 was used t o  hold the diode t o  

the thermal block. 

i' PAD '1 

Figure A-1 . Thcwal Rts i  star~ce Test A r t i c l e  Configuration 

A.2 TEST PROCEDURE 

CATHODE 
PLATE 

The thermal resistance tes ts  were performed using a computer contro l led 

tes t ing  apparatus developed f o r  tes t ing  power t rans is tors [lo]. I n  t h i s  

equipment the forward voltage drop of the t e s t  device i s  u t i l i z e d  as the 

temperature sensing parameter a t  some f i xed  measurement current. 

A schematic diagram o f  the equipment i s  shown i n  Figure A-3. The devfce 

under t e s t  (DUT) i s  mounted t o  a massive copper block heat sink using ther- 

mal grease t o  minimize in te r fac ia l  temperature drop. The block has provis ion 

10 A.J. Yerman, "A Thermal Resistance Tester and I t s  Use i n  Designing a 
200 Amp Power Darlington Package", GE TIS Report 79GEN012, 1979 GOSAM 
Symposium, Paper 8.4. 





F i g u r e  A-3. S c h e m a t i c  D i a g r a m  o f  T h e r m a l  R e s i s t a n c e  
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f o r .  hea t ing  and coo l i ng  and i t s  temperature i s  measured w i t h  a p la t inum 

res is tance  temperature de tec to r  d i r e c t l y  under the  spot  where t he  DUT i s  

mounted. Th is  prov ides the  re ference heat s ink temperature (TS) f o r  the  

thermal res is tance  measurements. The t e s t  provides measurements of device' 

j u n c t i o n  temperature (TJ) and power d iss ipa ted  i n  the  DUT and ca lcu la ted  

thermal res is tance  as : 

The j u n c t i o n  temperature o f  t he  device i s  determined by measuring VF = 

Vs -V4 (see F igure A-3 f o r  a diagram o f  these measurement p o i n t s )  a t  

constant  measurement c u r r e n t  I,,, which - is select .~r l  t.n sat.?sfy DUT 
c h a r a c t e r i s t i c s .  A t y p i c a l  value i s  1 ampere. Measurement cu r ren t  i s  

monitored v i a  the vo l tage drop across a 1 ohm r e s i s t o r  (v6-v5). PIN 
i s  ca l cu l a ted  from measurements o f  vo l tage (V3-V4) and cu r ren t  ( I T )  

determined w i t h  a p r e c i s i o n  0.001 ohm r e s i s t o r  i n  se r ies  w i t h  the,DUT. 

The power d iss ipa ted  i n  t he  device i s  c o n t r o l l e d  by t he  vo l tage s e t t i n g  o f  

t h e  c o l l e c t o r  supply. The c u r r e n t  from t h i s  supply i s  routed by a p a i r  o f  

200 ampere power Dar l i ng ton  t r ans i s t o r s ,  Q1 and 42, operated i n  push-pull  

node sn t.hat. i t  f lows e i t h e r  i n t o  a dummy load  o r  t he  DUT. This avoids 

problems associated w i t h  the  r e l a t i v e l y  slow recovery t ime o f  t he  c o l l e c t o r  

supply t o  l a r g e  cu r ren t  t r ans i en t s .  A base d r i v e  c i r c u i t  i n t e r f aces  Q1 and 

Q2 t o  t h e  computer. 

The t ime sequence of computer-control led operat ions i s  i l l u s t r a t e d  i n  F igure 

A-4. Measurement of PIN i s  made dur ing  a b r i e f  0.5 sec pnwer pulse, then 

a f t e r  a pause of approximately 5 seconds the  t e s t  power pulse i s  turned on. 

It can be s e t  f o r  any value between 1 msec and 30 see. Va l i d  mcasureirrents 

a re  n o t  possfb le  dur ing  t h i s  i n t e r v a l  due t o  t he  l a r g e  cu r ren t  f l ow and a t -  

tendant voltages. Approximately 50 psec a f t e r  t h i s  power pulse i s  

terminated and the t r a n s i e n t s  have s e t t l e d  o u t  and t he  DUT i s  cool ing,  V5 
i s  measured and stored. A f t e r  250 psec the  DUT temperature i s  measured a 

second t ime and from a backward ex t r apo la t i on  of these two measurements T j  
i s  ca lcu la ted  a t  the  t ime when the  power pu lse terminated. A l l  vol tage 

measurements a re  synchronized t o  the  power pulses by t he  computer. 
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A thermal resistance determination consists o f  two steps: 

1. Ca l ib ra t ion  o f  the temperature sensing parameter f o r  the DUT. 

2. Measurement o f  R 
*JS 

The f i r s t  step i s  accomplished by measuring the diode forward voltage a t  a 

ser ies of known heat sink temperatures as measured by the platinum re-  

sistance temperature detector. A l i n e a r  regression curve f i t  of t h i s  data 

provides a c a l i b r a t i o n  curve for converting subsequent V5 measurements t o  

correspondi ng TJ values. 

Both the f i r s t  and second steps are carried out undsr computer c o n t ~ o l  w i t h  
appropriate safeguards t o  a l e r t  f o r  spurious data o r  abnormal condit ions. 

Reported values o f  R are averaged from f i v e  separate measurements on 
'JS each DUT. 

A.3 SUMf4ARY OF TEST RESULTS 

Then~ial resistance t e s t  resu l t s  are presented i n  Table A-1. Results were 

general ly consis tent  w i t h  decreasing values of thermal resistance as chip 

area increased. However, i n  two cases, higher than ant ic ipated values were 

obtained fo r  a Semicon 20 amp PN u n i t  (1.6O~/watt) and a Semicon 75 amp 

Schottky device (1 .99°~/watt) .  X-rays o f  these two t e s t  a r t i c l e s ,  as 

shown i n  Figure A-5, revealed the presence o f  solder b a l l s  which probably 

i nd i ca te  poor wet t ing o f  the solder. No la rge  voids were evident. A t rans- 
verse crack detected beneath the  75 amp Schottky device prcrhahly accounts 

fo r  the abnormally h igh thermal resistance value obtained. A second Semicon 
20 amp PN u n i t  was tested and provided a value o f  0.95Oc/~att as compared 

t o  the o r i g ina l  value o f  1.6OWwatt. A subs t i tu te  Semicon 75 amp Schottky 

sample was n o t  ava i lab le  f o r  retest ,  and therefore a v iab le  value f o r  t h i s  

device was no t  obtained. 

The PN u n i t s  showed a somewhat more consistent decrease i n  thermal 

resistance w i t h  increased ch ip  area than the Schottky devices. Values of 

thermal resistance var ied from a h igh o f  0.97Oc/watt f o r  the smallest u n i t  

t o  a low o f  0.45'~/watt f o r  the 1 argest device. 



Table A-1. Measured Thermal Resistance - Mounted Type Diode Chips 

* Includes the thermal resistance o f  the grease in ter face between the cathode p l a t e  and 
the heat sink. The calculated thermal resistance o f  t h i s  i n te r face  i s  0.3oC/watt based 
on nominal value f o r  c o n t x t  area and grease f i l m  thickness. 

** X-ray revealed p o w  w e t t i r g  o f  solder; 75 amp Motorola 
Schottky had 1 arge transverse crack 

Measured 
Thermal 

Resistance* 
(oC/Watt )' 

-97 
1.60 ** 

.95 

.65 

.57 

.50 

.78 

.79*** 

.79*** 
,45 

.84 

.72 
, 
1.99 ** 

** Same s ize  ch ip  and pads used by Motorola; 30 amp u n i t  - chrome bar r ie r ,  
60 amp u n i t  plat inum b a r r i e r  

Base Psd 
Area 

( i  n2) 

.I539 
,0201 
.0201 
.0380 
.0380 
.0452 

.0260 

.0415 
,041 5 
.0642 

.0380 

.0380 

,0779 

Base Ped 
Diameter 

( i n )  

. I40 

. I60 

. I60 

.220 

.220 

.240 

.I82 

.230 

.230 

.286 

.220 

.220 

.315 

Chip Area 
( i d )  

.0113 

.0154 

.0154 

.0314 

.0314 

.0380 

.0159 

.0256 

.0256 

.040 

.0169 

.0236 

.0441 

Chi? Size 
( i n )  

. I23 dia. 

. I43 dia.  

. I43 dia.  

.203 dia. 

.203 dia. 

.223 dia.  

.I25 sq. 

. I60 sq. 

. I60 sq. 

.ZOO sq. 

.I30 sq. 
,165 hex 
(across f l a t s )  
.210 sq. 

Diode 
Mfg TY pe 

Semi con 
I t  

I I  

11 

II 

12A PN 
20A PN 
20A PN 
40A PN 
40A PN 

II 

Motor01 a 
I I 

11 

50A PN 

15A Schottky 
30A Schottky 
60A Schottky 

u 75A Schottky 
t 

Semi con 
I# 

11 

15A Schottky 
30A Schottky 

75A Schottky 
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Figure A-5. X-Ray F i  l m  of Uiode Thermal Resistance Test Ar t ic les  
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