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Abstract: Because of the complexity  and  interconnection  density of today’s  integrated  circuit  chips,  experimental measurement of indi- 
vidual transistor  or diode  junction temperatures  under typical  powered  conditions has  become increasingly difficult. In order  to provide 
meaningful thermal data,  other  approaches have had to  be  devised. In the work described by this paper, an  analytical model has been 
used to determine the  steady  state  junction  temperature rise on an integrated  circuit chip. The effect on  junction  temperature of heat 
source  size,  geometry, and  number of adjacent heat  sources has  been studied. Experimental  testing on specially prepared  chips has 
verified the  analytical  results. 

Introduction 
Two of the major factors  that must  be considered in any 
functional  circuit design are  power dissipation  and  sub- 
sequent  heat removal. Heat generation occurs  at all lev- 
els of packaging, ranging from  the basic transistor,  diode 
or  resistor  to  the  complete system. Therefore,  to main- 
tain  critical component  temperatures below specified 
limits for reliability and  component life, and  to  insure  the 
desired  electrical characteristics in temperature-sensitive 
components, both power  and  thermal  requirements must 
be considered. 

The  degree of integration  reached  with the  advent of 
monolithic memories has clearly  shown the  importance 
of knowing the thermal characteristics of highly integrat- 
ed chips. Heat dissipating components  are  at  least  one 
order of magnitude  smaller than  the devices in the Solid 
Logic  Technology (SLT) family [ I ] .  Although the piece 
of silicon into which the  active  devices are diffused is 
roughly 16 times larger  than  the basic SLT chip,  there 
can  be  as many as 1400 components within it. Thermal 
evaluation of such  components is further  hampered be- 
cause, unlike  single-component SLT chips, complete 
circuits are  interconnected on a single chip  and no indi- 
vidual component  can be contacted  from  outside  the 
package. Thus, medium and large scale  integration 
brings about basic  changes in the thermal characteris- 
tics of a system  that  make it much more difficult, if not 
impossible, to actually measure  the  temperature rise of a 
component. 
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The  purpose of the work  described in this paper was 
to provide meaningful thermal data  for  devices  at cur- 
rent levels of integration. The  study  was  undertaken  to 
provide both  analytical and  experimental evaluation for 
components of various  sizes and  geometries  whose loca- 
tion is very  close to  other, similar components  on  the 
same chip. 

Experimental  evaluation 
Special semiconductor chips  were constructed  for this 
investigation. Each chip  had eleven  active  components 
which could be  contacted  separately  for electrical  and 
thermal  testing.  Among the  eleven  components,  there 
were eight different device geometries.  Individual  de- 
vices,  some of which are  shown in  Fig l ,  had from  two  to 
twelve emitter  stripes in a range of stripe widths between 
0.0002 and 0.00075 inch. In addition, there  were  devices 
that had similar emitter  geometries but  different  spacings 
between stripes. The  ratio L,/W, of individual emitter 
length to  emitter width, the  ratio W J W ,  of spacing be- 
tween  emitter  stripes  to  emitter width, and  the individual 
emitter  area A ,  are noted in Table 1 for  each  device in 
the Figure. 

For testing purposes,  the chips were gold eutectic 
bonded  to gold plated copper  studs mounted on specially 
prepared  headers.  The  copper  studs  extended through 
the  bases of the  headers. To  test  one  or  more individual 
devices, flying leads  were  attached  to  those terminals of 303 
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Figure 1 Examples of individual devices  on the test chip. The 
number of emitter  stripes is (a) 2; (b)-(e) 5 ;  (f) 10. Other  dimen- 
sions are given in Table 1. 

Figure 2 Test chip with flying leads, mounted on  the  copper 
stud  header. 

the  header  that were connected  to  the  selected  devices 
before the  headers  were sealed. Figure 2 shows a test 
chip  mounted on  the  copper  stud with flying leads at- 
tached.  Through  use of the  copper-stud  headers  and a 

304 pulsed collector  test  technique described by Schlig [2], it 

Table 1 Dimensions of experimental  devices  shown in Fig. 1. 

Number of A ,  L,,:IwE WSIWE 
emitter  stripes (in' X IO-") 

2 2.5 12.9 1.14 
5 2.5 12.5 3.6 
5 4.0 6.25 1.0 
5 2.0 12.5 2.0 
5 2.5 10.0 1.6 

10 1.28 8.0 2.0 

Table 2 Comparison of experimental and analytical results 
based on P,, = 0.2 W. 

Differenc,e: 
Anulyticrrl vs 
Experirnentul 

(percent) 

I . 3  
1.5 

10.3 
6. I 
2.4 
8.3 

was  possible to  measure  the  thermal  resistance from the 
junction of a device  to  the back of the  header.  Since  the 
thermal  resistance of copper  is very low, this  measure- 
ment could be  used as  the  thermal  resistance  from  the 
device  junction  to  the back of the chip. Therefore, given 
this  thermal resistance and the  power dissipated during 
the  test, it was  possible to calculate the  average  stripe 
temperature rise of the  heat generating  device for  the 
ambient test conditions. Thus: 

I?,.,,.,. = (T, ,  - T ( , )  /P , ] ,  or 

AT,!.(. = P,~R~r,, . , ,  (1) 

where T,, is junction  temperature in "C,  T r  is the  tempera- 
ture of the back of the chip in "C,  P,] is device  power in 
watts,  and RT,]-<, is the thermal resistance  between  the 
junction and the chip back in "C/W. 

Analytical model 
Ever-increasing chip  complexity and miniaturization 
have  made  experimental testing difficult and tedious. 
Even when  testing is possible,  only  a  relatively  few se- 
lected device geometries  and configurations can be in- 
vestigated. As a result,  the need for  an analytical model 
becomes increasingly important in predicting  thermal 
performance for a device of any  size. 
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The mathematical  investigation of integrated circuits 
suggests that a  chip  be divided into small volumes, or 
nodes,  where  the regions of greatest  concern contain 
many small nodes  compared with other regions on the 
chip. By assuming that  each volume has homogeneous 
properties [3], a  conduction  heat  balance  can  be per- 
formed for each  node. The three-dimensional  Poisson 
equation, given  below, expresses this basic heat  transfer 
relationship, where  each node  must be classified as to 
whether  heat is generated internally (Q ,  = Q) or not 
(e,= 0): 

where K is the thermal  conductivity of the material, A is 
the effective heat  transfer  area, T is temperature,  and Q, 
is the  amount of internal  heat generation. 

Figure 3 shows  a typical nodal breakdown for a  chip of 
nominal size. I t  is important  to  note  the very small thick- 
ness of the heat source  as well as  the fine breakdown 
along its  perimeter. Both the volume and the  surface 
area of the  heat source must be well defined in order  to 
accurately determine  the  effective heat transfer  area A 
for each  plane of the heat source nodes. 

Also  essential to  the analytical model is the selection 
of the  proper value of thermal  conductivity K for each 
node. In this study, K = 1.21 W/cm"C  was  used for the 
entire silicon chip except  for  the  emitter  or heat source 
areas.  Due  to  the impurity  concentration of the  emitter 
areas,  Slack[4] suggests that K = 0.1 W/cm"C be used. 

Additional  boundary  conditions necessary  to  describe 
the analytical model can  be  summarized as: 

1)  An  adiabatic  surface on all four of the chip  edges  and 
along the Z = 0 plane except  for  the  heat  source  areas: 

2) an isothermal surface  (constant  temperature)  across 
the bottom of the chip; 
3) a maximum power dissipation of 0.040 W/mil'. At 
high currents  the model may have to be modified to in- 
clude the effects of current crowding  and Joule heating 
in the collector. 

Results 
The comparison between experimental  and  analytical 
results given in Table 2 indicates agreement of approxi- 
mately I O  % or  better  for  the six device configurations 
shown in Fig. 1. 

Additional study of the experimental  and  analytical 
results  has revealed that individual heat  source  area, A,,:, 

Figure 3 Cross-section of a chip  showing  typical  dimensions 
and  nodal  breakdown. 

1000 
L,IW,= 

Figure 4 R., , I~, .  for W J W , ,  = 5.0 with ,!,,/WE values of I .0 and 
10.0. 

ratio of the  emitter length to  the  emitter width, L&/WE,  
and  ratio of the  space width between emitters  to  the 
emitter width, Ws/  Wb;,  are  the  parameters  that  have  the 
most  influence on R.r,,-(. and AT,,.(.. For example, the 
temperature rise of a device with a small heat  source 
area  can be compensated by increasing L J W ,  and 
W s / W E .  Results  also  indicate that  the RT,,-c of an indi- 
vidual stripe is independent of the number of heat  source 
stripes while AT,,.(. is inversely  proportional to  the num- 
ber of stripes for  constant device  power on multistripe 
devices. 

Generalized  curves to predict R.r,,-(, for multiple heat 
source chips can be  obtained as functions of A,, &/WE,  
and W J W ,  by applying these basic  principles. Figure 4 
shows  two such curves as a  function of A ,  for  two val- 
ues of Le /   WE when W,/W, = 5.0. For configurations 
with W s / W ,  < 5.0, Table 3 shows  the  necessary  correc- 
tion factor which must  be  added to  the value of R,,., at 
W J W ,  = 5.0. For values of W s / W ,  > 5.0, there is only a 
slight decrease in RT,,-c. Since Fig. 4  and Table 3 can be 
applied to devices with multistripe  heat sources, con- 
servative values of R.,. should be expected  for devices 

.I-(' 
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Figure 5 Typical heat  source  pattern giving AT,.(. in “C and 
dimensions in mils for a device  power of 0.2 W. 

Table 3 Increase in R,. for W J W ,  < 5.0 for any  given A,. 

Increase in RT,I-(.  
(percent) 

Wsl WE LE/ WE = 1.0 10 

0 80 105 
0.4 50 75 
I .o 30 50 
2.0 17 25 
3.0  9 13 

~ ”~ - -~ 

with less  than three  heat  sources.  For example, the val- 
ue for a  five-stripe heat  source with A E  = 1.0, LEIWE = 

10 and W , / W ,  = 1 .O can  be  calculated  from the gener- 
alized curves.  From Fig. 4, RTJ-( .  is 268 OC/W and from 
Table 2 for W s / W E  = 1.0 the  increase in R.r,l-( ,  is 50 per- 
cent.  Therefore, 

RT, , - ( ,   (W, /W,  = 1.0) = 268 + 0.5 (268) = 402 OC/W 

for this  example. 
The  choice  between experimental measurement of 

special devices and  analytical characterization by means 
of the model depends very  much  upon how the  results 
will be applied. The experimental approach is more ac- 
curate  at  present and is necessary in order  to adjust the 
analytical  model. On  the  other  hand,  the model can be 
used to predict results  even when hardware is not  avail- 

able  for testing, or when the  comparison of many  device 
configurations is necessary.  The analytical model also 
locates  the position and  the magnitude of the maximum 
AT,,.(. as well as  the  average  value, while the  experimen- 
tal approach gives  only an average AT,,.(.. Figure 5 
shows  the  temperature gradient  obtained  along the heat 
sources of the device in Fig. l(e) using the analytical 
model. 

Conclusions 
The  results  from  the experimental  testing  indicate close 
agreement with the results  obtained  from an analytical 
model for which the location, shape, size  and  thermal 
conductivity of the  heat  source  areas were the essential 
variables. 

Figure 4 and Table 3 allow the calculation of average 
R , , - ( .  and AT,,.c values for  any  device with three  or more 
heat  sources  where A ,  and the ratios LEIWE and W , / W ,  
describe  the size  and  spacing of the heat sources. 
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