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I N O T I C E  

As part of a program to develop his&. temperature electronics 
for geothermal well instrumentation, a number of solid state diode 
and transistor types have been characterized from room temperature 
to 3OOOC. The temperature dependence and aging stability of 
transport and leakage properties were measured. Included in the 
study were silicon diodes, bipolar transistors, JFETs, MOSFETs, 
and GaAs MESFETs and JFETs. In summary the results are: diodes 
and bipolar transistors became extremely leaky at high temperature 
and are therefore of limited use; silicon MOSFETs and GaAs devices 
showed unacceptable aging instabilities at high temperatures: 
silicon JFETs from certain manufacturers were sufficiently stable 
and had suitable temperature dependent characteristics so that 
operational circuits could be made. 

Comparisons were made of experimental device characteristics 
and those predicted by theory. The theoretical calculations were 
done using standard equations revised to include appropriate 
temperature dependent parameters. Close agreement between theory 
and experiment was found, indicating that unexpected high tempera- 
ture effects were insignificant. 

In order to facilitate the use of devices in high temperature 
hybrids, it was necessary to develop bonding and prescreening 
techniques. A large variance of JFET 3OOOC operating parameters 
was found even within a single production lot. Consequently, high 
temperature prescreening allowed each circuit to be specifically 
"pretuned." Standard solder, epoxy, and chip and wire attachment 
technologies were not functional at 300OC. Gold-germanium solder, 
aluminum wire to DuPont 9910 gold film, and diffusion barrier pads 
were developed to allow high temperature attachment. 

*Currently a graduate student at Princeton. 
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ACTIVE DEVICES FOR HIGH TEMPERATURE MICROCIRCUITRY 

INTRODUCTION 

This report on active devices is the second'in a series of four 
Sandia Laboratory reports concerning high temper'ature microelectronics. 
The need for high temperature geothermal electronics has become more 
immediate and well defined since this work began after the first 
geothermal logging workshop in 1975.l 
tation requirements are now apparent. First, -periodic logging of 
uncased exploratory wells during drilling, and secondly the long term 
monitoring of cased production wells. The first utilization requires 
mechanically rugged, small volume electronics capable of repeated 
5-hour measurements up to 300°C. The second mode demands continuous, 
low drift electronics operating at maximum temperature for 100- 
1000 hours. All the active devices, bonding methods, and prescreening 
procedures tested in this study were chosen and analyzed with these 
performance criteria in mind. 

Two distinct modes of instrumen- 

In addition to these performance specifications, the further 
restriction of only incorporating commercial parts and technology in 
these high temperature electronics was 'imposed . 
that such microcircuitry can be straightforwardly adopted by logging 
service companies and circuit fabrication houses. 

This approach guarantees 

From the time of the first report on passive components4 at high 
temperature in DeCember 1976, many additional materials and parts have 
been found acceptable for geothermal circuitry use. 
expansion has somewhat simplified high temperature circuit design and 
fabrication. 
both hybrid and printed circuit board technology. 
performed for hundreds of hours at high temperatures in'ovens and 
geothermal wells. 

Scope of Study 

This inventory 

* To date severai logging tools have been fabricated using 
ese circuits have 

. .  . 
/ I  

. ,  

- 
This study is not intended to be the only word'on high temperature 

c 
active devices . 
arsenide devices are described. 
commercial General Electric miniature ceramic vacuum tubes were studied 
wi& great success up to 5OO0C, 
with integrated therdonic devices'was followed closely. In addition, 

In particular; on1 olid state silicon and gallium 
c At the 'beginning of this research, 

nd the progress of Los Alamos L a b s 3  

LJ . literature searches 'revealed many experimental large band gap 
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semiconductor devices had been f ab r i ca t ed  using Sic, G a p ,  InP, and 
diamond c r y s t a l s .  

L; 

Commercial ceramic tubes w e r e  no t  pursued a t  Sandia because of 
t h e i r  basic incompat ib i l i ty  with t h e  l o w  vol tage microc i rcu i t ry  which 
w a s  deemed possible .  Tubes ,  although miniatur ized,  are st i l l  a t  least  
a cubic cent imeter  i n  volume, p l a t e  vol tages  range f r o m  75 t o  300 volts, 
f i lament  power i s  necessary, and u n i t  c o s t  is high. 
say t h a t  ceramic tubes cannot be used i n  high temperature c i r c u i t r y .  
I n  fact ,  a p a r a l l e l  e f f o r t  f ab r i ca t ing  geothermal c i r c u i t s  using such 
tubes is  supported by DOE. 

. 

. 
A l l  t h i s  'is not  to 

30 

As an improvement over ceramic tubes , in tegra ted  thermionic devices 
promise t h e  necessary s m a l l  s i z e  and packing dens i ty  for  microc i rcu i t ry  
bu t  are no t  y e t  commercially ava i lab le .  Development of t h i s  technology 
is proceeding rap id ly  a t  Los Alamos Laborator ies ,  bu t  w a s  no t  judged 
a mature enough technology t o  commit t o  Sandia 's  c i r c u i t r y  i n  1976. 

The many experimental s t u d i e s  w i t h  large band gap semiconductors 
can only be viewed as f u t u r e  promise f o r  high temperature c i r c u i t r y .  
Even if such test devices could be r ep l i ca t ed  wi th in  Sandia on a t i m e  
scale t o  b e n e f i t  t h e  cu r ren t  geothermal explorat ion,  they could not  
become commercially ava i l ab le  for many years.  

There i s  a t rend  i n  logging e l e c t r o n i c s  t o  increase  t h e  complexity 
of t h e  c i r c u i t r y  and t o  mount s eve ra l  measurement c i r c u i t s  with one 
housing. To accommodate t h i s  complexity and m u l t i p l i c i t y  of c i r c u i t s  
it becomes necessary t o  minia tur ize  the  c i r c u i t r y .  
cu r ren t ly  apparent i n  industry:  i n t eg ra t ed  chips  have replaced 
discrete t r a n s i s t o r s ,  and hybrid c i r c u i t s  have replaced p r in t ed  c i r c u i t  
boards. A w a r e  of t h i s  t rend ,  high temperature tests w e r e  performed on 
s m a l l  scale in t eg ra t ed  c i r c u i t s .  I n  general  these  in t eg ra t ed  c i r c u i t s  
f a i l e d  above about 200OC. S o m e t i m e s  this f a i l u r e  w a s  due t o  some 
p a r t i c u l a r  device on t h e  ch ip  t h a t  w a s  no t  designed t o  allow high 
temperature operat ion,  bu t  general ly  t h e  junc t ion  i s o l a t i o n ,  which is  
intended .to prevent devices f r o m  d i r e c t l y  a f f e c t i n g  one another,  became 
i n e f f e c t i v e  above 200OC. A s  a consequence, t h i s  s tudy d w e l l s  on 
discrete devices only. 
c i r c u i t r y .  F i r s t ,  with hybrid technology it is  poss ib le  t o  f o r m  
c i r c u i t s  with t r a n s i s t o r  chips  a t  50 m i l  cen ters ,  a s u f f i c i e n t  device 
dens i ty  for m o s t  c i r c u i t r y .  Secondly, preliminary tests of in t eg ra t ed  
c i r c u i t s  with dielectric i s o l a t i o n  show promise of 3 O O O C  operation. 
However, present ly  d i e l e c t r i c a l l y  i s o l a t e d  in t eg ra t ed  c i r c u i t s  are not  
commercially common. 

Two approaches are 

Two facts allow hope of high dens i ty  micro- . 

1-i 
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W A considerable  p a r t  of t h i s  r epor t  1s w i t h  device bonding and 
qua l i f i ca t ion .  
prominent high temperature f a i l u r e  mode for commercially packaged 
devices w a s  bonding re la ted .  * i n  a d d i t i  as Sandia's f irst  high 
temperature c i r c u i t s  w e r e  manufactured, 
improved w i t h  increased high tempe 
I t  is no t  enough t o  only know which de 
temperature, t h e  ch ip  bon ua l ly  important 
insurance. 

As t h i s  research proceeded it w a s  -f 

of the  devices. 
t i o n  a t  high 

A considerable  p s computer model- 

c h a r a c t e r i s t i c s  
w e r e  indeed predic  y s i c s  and w e r e  

fabr ica t ion .  I t  a l s o  became 
gn for improved 

laced i n  t h e  
high temperat i a l  approach i s  taken i n  

models. I n  1 be better a b l e  t o  amend 
n microc i rcu i t ry  i n  t h e  
design of e x i s t i n g  devices 

w i l l  become a 

This s tudy gave equal emphasis t o  device types t h a t  f a i l e d  t o  
func t ion  use fu l1  high tempera e ( S i  b ipo la r s ,  G a A s  mSFETs) as 
o devices  t h a t  d satisfacto high temperature performance ( S i  

JFETs and MOSFETs). Although such a r epor t  format ma  l o w  down the 
engineer looking simply for  t h e  list of trgood'r devices,  a t  t h i s  e a r l y  

c i r c u i t  requirements or-access t o  devices  

- 
ion.  The m o s t  ob des t ruc t ion ,  the device m e l t s  

s, a t  high temperatures 
t i f y  or  amplify) ,  even 

~ or i r r e v e r s i b l y  degrades 

ugh upon cool ing 
t u r e  s o l i d  state d i f fus ion  provides t h e  main mechanism f o r  irreversible 
f a i l u r e .  Increased generat ion of c u r r e n t  carriers a t  high temperatures 
is the basis for m o s t  device func t iona l  f a i l u r e s .  

W 
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Since s o l i d  state devices  c o n s i s t  of bulk semiconductors w i t h  
d i s c r e t e  pat terned l aye r s  of metal and oxides,  p lus  w e l l  def ined 
regions of c a r e f u l l y  d i f fused  imp ties, it is possible that  high 
temperature operat ion w i l l  cause f u r t h e r  bulk d i f fus ion  or sur face  
migration r e s u l t i n g  i n  degradation and eventual  f a i l u r e .  It is t h e  

d i f fus ion  r e l a t e d  problems w i l l  be l is ted here  along w i t h  t h e i r  
general  impact on t h i s  study. 
s t eps  take  p lace  for about 1 hour a t  1000°C.2 
d i f fus ion  the induced impur i t ies  t y p i c a l l y  pene t ra te  t h e  s i l i c o n  for 
seve ra l  microns. 
for A l ,  B, and Sb i n  s i l i c o n  would r equ i r e  'more than l o 8  hours ' of 
aging. 
high temperature operation. (2)  A m o r e  formidable threat e x i s t s  from 
gold d i f fus ion  from the  back of the s i l i c o n  die.  With 4 O O O C  d i e  down 
temperature and 3OOOC opera t ion  the gold b ng begins t o  reach the 
f r o n t  su r f ace  wi th in  a f e w  hundred hoursO2 
of gold i n  s tandardly doped s i l i c o n  is low a t  3OOOC ( < l o l l  ~ m - ~ ) ,  
t h e r e  i s  s t i l l  an opportuni ty  for  concentrat ion a t  t h e  surface, i n t e r -  
faces, and a t  defec ts .  
and leakage seen during t h i s  s tudy are t e n t a t i v e l y  assigned t o  gold 
d i f fus ion .  (3) Surface migration cons tan ts  are not  as p red ic t ab le  as 
bulk d i f fus ion  constants .  Pos t - fa i lure  v i sua l  inspec t ion  of G a A s  

f such degradation processes a t  3OOOC t h a t  is important. Four 

(1) In manufacture many doping d i f fus ion  
During t h i s  cont ro l led  

To achieve a d i f f u  n length equal t o  this a t  300OC 

Thus, a dopant r e d i s t r i b u t i o n  process provides no problem t o  

Although the s o l u b i l i t y  

Some of t h e  i r r e v e r s i b l e  changes i n  conduct ivi ty  

. 

devices showed su r face  migration of metal electrodes became a problem 
above 250OC. In  addi t ion,  t he  electrical p rope r t i e s  of s i l i c o n  MOSFET 

a t  t i m e s  demonstrated d r i f t s  symptomatic of mobile ions c ross ing  t h e  
gate oxide. ( 4 )  Conventional w i r e  bonding of s i l i c o n  d i e  involves  an 
aluminum w i r e  a t tached  t o  t h e  gold me ta l l i za t ion  of t h e  s u b s t r a t e  or 
package. Upon 3OOOC aging such a gold-aluminum i n t e r f a c e  can cause 
weak, highly r e s i s t i v e  bonds. 

Functional f a i l u r e  due t o  high temperature can also occur. For 
example, one fundamental l i m i t a t i o n  occurs when the semiconductor 
becomes i n t r i n s i c ,  t h a t  is ,  when t h e  thermally generated carrier 
dens i ty  exceeds the impurity doping carrier densi ty .  N o t  a l l  a c t i v e  
regions of a device must remain e x t r i n s i c  i n  order for t h e  device t o  
function; f o r  example, if only one s i d e  of a diode becomes i n t r i n s i c ,  
r e c t i f i c a t i o n  can s t i l l  occur. Nonetheless, a t  some temperature, no 
matter how heavy t h e  doping, t h e  device becomes i n t r i n s i c ,  behaving as 
a resistor. For most commercial s i l i c o n  devices  this occurs a t  less 
than 35OoC, whereas for GaAs t h i s  l i m i t  is around 5OOOC. Chapter 4 t 
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deals with this ultimate limitation analytically, 
intrinsic transition is reached the device can cease practical operation 
due to the increase of thermally generated carriers. 

Even before this b, 

Report Outline 

Active devices were looked at from 25 to 3OOOC primarily to find 
operational bias ranges which had small changes with temperature (zero 
temperature coefficient regions). 
for 1000 hours at 275 or 33OOC with periodic monitoring of characteristics. 

P 

Aging tests under bias were performed 

Chapter 1 will discuss silicon metal-oxide-semiconductor field 
effect transistors (MOSFETs),computer mode1,and oven test results. 
Chapter 2 contains similar information on silicon junction field effect 
transis tors ( JFETs) . 

a discussion on bipolar silicon devices and their 
shortcomings. 
results of tests on commercial GaAs devices. 
for active devices 

Chapter 4 consists of the theoretical expectations and 
New bonding techniques 

are enumerated in Chapter 5. .Methods for high 
The computer of devices follow in Chapter 6. 

e Appendix. A ‘short nclusion ends this report. 

W 
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CHAPTER 1 - MOSFETs 

INTRODUCTION 

The high temperature functionality of the silicon metal-oxide- 
semiconductor field effect transistor (MOSFET) was ascertained early 
in this program by several simple oven tests. 
then became, can MOSFETs be fabricated which are less temperature 
variable. 
assembled using the standard device physics equations with all tempera- 
ture dependent terms. This model was then used to confirm that indeed 
the experimental devices were behaving according to standard theory 
and not being deviated by some manufacturing peculiarity which was not 
intended for high temperature operation. Next, this model was used to 
redesign MOSFET geometry and doping profile in an attempt to temperature 
stabilize chosen device characteristics. 

The immediate question 

To answer this question a computer model of a MOSFET was 

In this chapter the computer model for an n-channel MOS transistor 
will be presented first, itemizing the temperature dependence of all 
parameters. Next, several examples of computer runs are compared with 
observed transistor characteristics at high temperatures. With few 
exceptions this NMOS model was adapted to p-channel MOS structures by 
changing the signs of the terminal voltages and currents. The dif- 
ferences between expected n- and p-channel MOS transistor performance 
will also be discussed. Lastly, results of high temperature aging 
tests will be presented. 

COMPUTER MODEL 
N-Channel MOS Transistor 

A simplified view of a typical NMOS transistor is shown in Figure 1. 

I p - substrate I / ,  
L V d  

. 

. 

Fig. 1. Schematic of n-channel metal-oxide-semiconductor transistor. 
Conductivity of the region under gate oxide, the channel, is 
effected by voltage applied to gate. 



If a sufficiently large voltage is applied to the gate, the underlying 
surface of the p-type silicon substrate will be inverted to form an 
n-type channel between the diffused source and drain regions (see 
Fig. 2 ) .  

Qn , 
which depends on the field at the silicon surface. 
ance of the channel varies inversely with the potential difference 
between the gate and the silicon surface. 

The resistance of the channel is inversely proportional to 
the mobile charge density in the inversion layer, the magnitude of 

Hence, the resist- 

If the drain voltage is increased from zero to some positive 
voltage, for a fixed gate voltage, the channel resistance will increase 
due to a decrease in Qn b 
to-surface potential. If rain voltage is raised to a sufficiently 
high value, the surface field near the drain 
support an inversion lay the channel will 
The voltage at which thi curs is called VDsAT, the saturation 
voltage. As the drain voltage is increased still further, the point 
which marks the end of the inversion layer will move slightly toward 
the source but the potential at that point will remain constant. 
also means that the current will remain essentially constant for voltages 

about by a deerease in the average gate- 

1 not be adequate to 
n disappear at that end. 

This 

greater than VDsAT since it depends on the potential drop across the 
channel. 
are shown in Figure 3. 

easily distinguished. 

conductor device textsst6 form the basis of mu h of the model 

The drain characteristics of a typical n-channel MOS device 
The two regions-linear and saturation--are 

The current-voltage characteristics presented in standard semi- 

3ci 
ID = I; z vncii(v; - 2l!J 

valid for 

the turn-on voltage, 

., 

the channel, 
is the oxide 

id 
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VACUUM LEVEL 

FIG, ZA, IDEAL MOS BAND STRUCTURE, No BIAS APPLIED, 
(+Ms = 0 ,  NO OXIDE CHARGE, NO SURFACE STATE CHARGE) 

FIG, ZB, IDEAL MOS BAND STRUCTURE WITH LARGE POSITIVE BIAS, vGJ APPLIED 
TO THE METAL GATE, THE ENERGY BANDS IN THE SILICON ARE BENT 

FERMI LEVEL, c F J  AT THE SEMICONDUCTOR SURFACE, HENCE, THE 
NUMBER OF ELECTRONS IS LARGER THAN THE NUMBER OF HOLES (THE 
~AJORITY CARRIERS) AT THE SURFACE, THIS CONDITION IS CALLED 

INVERSION, 

DOWNWARD ENOUGH THAT THE INTRINSIC LEVEL, ciJ I S  BELOW THE 

10 
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0 

. 

s = 1ov 

VDs ( VOLTS 1 

Fig. 3.  Typical drain characterist ics  of an enhancement mode MOSFET. 
operational modes e x i s t :  
increasing with the drain-sour-tage, and the saturation region 
with constant drain current. 

Two 
the l inear  region with drain current 



permi t t i v i ty ,  and q is the  e l ec t ron ic  charge. Vi, t he  e f f e c t i v e  ga te  
voltage,  i s  equal t o  the terminal voltage minus the  flat-band voltage 
of the  MOS s t ruc tu re ,  Vl = VG - VFB. 
voltage. 

Figure 4 i l l u s t r a t e s  flat-band 

LJ 

t 

€ 
C 

FIG, 4A, NOS BAND STRUCTURE WITH +MS < 0 ,  THE BANDS I N  THE SEMI- 

CONDUCTOR ARE BENT DOWN EVEN WITH NO B I A S  APPLIED TO THE 

METAL GATE, I F  I $ ~  I S  SUFFICIENTLY NEGATIVE, THE SEMI- 

CONDUCTOR SURFACE MAY ACTUALLY BE INVERTED WITH NO GATE BIAS,  

FIG, 4B, MOS BAND STRUCTURE WITH +Ms < 0; A SUFFICIENTLY NEGATIVE GATE 

B I A S  IS APPLIED TO CAUSE THE ENERGY BANDS I N  THE SEMICONDUCTOR 

TO BE FLAT, THIS GATE BIAS IS CALLED THE FI AT BAND VOLT=, 

'FB i 
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Turn-On Voltage 

The turn-on voltage, VT, is the effective gate voltage needed to 
invert the p-type material below the gate oxide and therefore create a 
conducting channel between the drain and source regions: 

VT = 2qB + 21mT& 
'i 

Obviously, this parameter relates to the effective gate-voltage 
described above. The threshold voltage for the terminal gate voltage 
is VT = VT + VFB. 

term 
Bulk Fermi Potential 

A simplified band diagram of the p-type substrate is shown below. 

13 



In silicon the effective densities of states in the conduction and 
valence bands are given by 

Z ~ ~ K T  3/2 
Nc = 12[ h2 3 and Nv = 2 

The density-of-states effective masses for holes and electrons are 

A graph of ni vs. temperature is given elsewhere in this paper. 

m * = 0.58 mo and mn * = 1.06 mol where mo is the electron rest mass. 2 
P 

The bulk Fermi potential VS. temperature is plotted in Figure 6 for 
several values of substrate doping. It is evident that as the tempera- 
ture increases the Fermi level moves toward the middle of the band gap, 
causing a decrease in @, and, hence, VT. 

Band Gap 

In the temperature range of interest the band gap of silicon is, 
with reasonable accuracy, given by 

E = 1.12 - (2.4 x (T - 300) [eVl , 
9 

where T is in OK. 

Metal-Semiconductor Work Function Difference 

The metal-semiconductor work function difference is important in 
determining the flat-band voltage and, therefore, affects the turn-on 
voltage of the transistor. 
p-type silicon showing the work function, @s, and its various constit- 
uent energy differences. The metal-semiconductor work function dif- 
ference is simply given by Cp If CpMS is specified at some 
temperature--usually 300 K for convenience--then @MS(T) can be found: 

Given in Figure 7 is a band diagram of 

= CpM - 9,. M s  

so that 

assuming that CpM - x is essentially independent of temperature over the 
range of interest . 

Li 
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E + -t. vacuum 

x (electron af f in i ty)  

**-c 
kT N -In( C = E -8 

9 - c i  
"i 

Fig. 7. Work function GS, and electron affinity x 
represented on band diagram. 

Mobi 1 i ty 

Expressing the electron and hole mobilities, 1.1, and 1.1 , in 
analytic form posed the greatest problem. 

theory to date accurately predicts any of these dependencies. 8,9 

Many measurements P have been 
made on both bulk and channel mobilities in silicon as functions of 
temperature, field strength, and background doping. 7'8 However, no 

The bulk carrier mobilities are controlled by two types of 
scattering--lattice and impurity. 
low temperatures while lattice scattering dominates at high temperatures. 
The graph in Figure 8 shows the general form of the mobility as a 
function of temperature. 

Impurity scattering is dominant at 

Electron and hole bulk lattice mobilities 
in silicon have been accurately measured and obey the equations 2 

= 2.104 x 10 ' T- 2*' M~/V Sec 'L,n 

and 

= 2.3414 x 10 T- 2*7 M~/V Sec . l.IL,P 

The theoretical impurity mobilities are given by the Conwell-Weisskopf 
formula 10 

- 
PI - 

C 
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U 3OU 
TEMPERATURE (OK) 

Fig. 8. Qualitative temperature dependence of carrier mobility. 
Two different bulk impurity concentrations, CB1 and 
CB2, are used as the third parameter. 

where CB is the bulk impurity concentration and M * is the conductivity 
C 

effective mass for electrons or holes: 

. 
The split-band effective mass for holes, M:, should actually be 
included in the expression only for temperatures such that 
KT > 
q 
very little at any temperature since Ms = 0.245 Moo 
mobility of either charge carrier is then given by 

d = 0.035 eV. However, its inclusion affects the expression 
AEsplit * 

- 
The total bulk 

.=(h++-) -1 . 



I n  t h e  MOS model t he re  are two ins tances  where mobil i ty  expressions C x r  
are needed--once i n  ca l cu la t ing  the channel cur ren ts ,  and t h e  other i n  
ca l cu la t ing  the reverse bias dra in /subs t ra te  cu r ren t s  (assumed t o  be 
t h e  major component of t h e  device leakage cu r ren t s ) .  The mobili ty 
expressions presented thus fa r  are s u f f i c i e n t l y  accurate for  calcula- 
t i o n s  concerning the leakage cur ren ts .  
mobi l i t i es  i n  inversion l aye r s  on thermally oxidized s i l i c o n  show t h a t  
they are reduced t o  approximately one-half of their bulk values a t  f i e l d s  
up t o  1.5 x l o 5  v o l t s / c m ,  t h i s  f i e l d  corresponding t o  approximately 
10 l2  charges/cm2 induced i n  t h e  s i l i con .8  
value t h e  mob i l i t i e s  f o l l o w  t h e  approximate f i e l d  dependence of 

However, measurements of carrier - 

Beyond t h a t  c r i t i ca l  f i e l d  

The to t a l  charge induced i n  t h e  semiconductor is 

Q,(Y) = -[Vl - V ( Y )  - 2JIBlCi 

where VG is t h e  e f f e c t i v e  g a t e  vol tage,  JIB is t h e  bulk Fermi p o t e n t i a l ,  
Ci is the oxide capacitance,  and V(y) is the p o t e n t i a l  i n  the channel 
a t  a d i s t ance  y f r o m  t h e  source end. For a 1200  A oxide thickness ,  Ci 

I 

0 

is 2.88 x lo’* F/M 2 . An induced charge of 1 0 l 2  charges/cm2 then 
corresponds t o  

1v; - V ( Y )  - 2$,1 s 5.6 v o l t s  . 
Typically t h e  devices are operated wi th in  the  ranges 

0 s v ;  5 1 0  , 
and 

so t h a t  
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Therefore, only at the extremes of device operation-will the critical 
field be exceeded, and even then by less than a factor of two. 
that reason, the mobilities were assumed to be field independent for 
the purposes of this model. 

For 

The graph in Figure 9 shows electron mobility in the channel as 

The agreement with measured values 

No claim is being made 

However, they do show good 

a function of temperature. 
= 0.45 pbulk. letting 'n,channel 

is very good for doping concentrations within a factor of 2 of 
6 p 1015 ~ m - ~ ,  the range for common MOSFETs. 
that the physics of the inversion channel conduction process are 
explained by these mobility expressions. 

agreement with the experimental data, including the T -3'2 temperature 
dependence in the range 25OC to 30OOC. 

The theoretical values were computed by 

, id 
Measurements 

----Model 

vn ( C& / V* sec) 

id 
1 

TEMPERATURE (OK) 

Fig. 9. Electron mobility in MOSFET channel f 

as function of temperature. Model 
%-channel = 0.45 vbulk. 



Leakage Currents ii 
For t h e  purposes of t h i s  model it w a s  assumed tha t  t h e  reverse  

biased dra in /subs t ra te  junct ion is  t h e  source of a l l  t h e  device leakage 
currents .  There are t w o  types of reverse  cu r ren t s  i n  p-n junct ions 
which add together  t o  f o r m  t h e  t o t a l  current--generation and d i f fus ion  
current .  The generation cu r ren t  component is due t o  electron-hole s 

p a i r s  thermally generated within the  deple t ion  region. The carriers 
are separated and swept across t h e  region by t h e  l a r g e  electric f i e l d  
present& I f  electron-hole p a i r s  are generated i n  n e u t r a l  regions where 
t h e r e  is no s i g n i f i c a n t  f ield present ,  they may move only by d i f fus ion  
t o  t h e  edge of t h e  deple t ion  region where they are then swept across 
t h e  junct ion by t h e  electric f ie ld .  This component of t h e  reverse  
cu r ren t  i s  c a l l e d  d i f fus ion  current .  

The s tandard equations for each of t h e  reverse  cu r ren t  components 
are 

\ 

qa anvthNtniA. W - - 
( E ~ - - E ~ ) / K T  ( ci-& t )  /KT I 

gen 
+ a  e 

'n e P 

- q f i  n2A. 
- 

Id i f  f ,n 

and 

q ntA. - va l id  only for Vrev >> E) ' ( Id i f f  9 
- 

ND 6 % i f f , p  

where Nt i s  t h e  dens i ty  of t rapping cen te r s ,  0 
t rapping cross sec t ions  f o r  holes  and electrons , vth i s  t h e  thermal 
ve loc i ty  of t h e  carriers, A .  is  t h e  area of t h e  junct ion,  W is the 
width of t h e  deple t ion  region, Dn and D 

e l ec t rons  and holes,.. T~ and T 

and holes ,  and ct - ei is t h e  energy d i f fe rence  between t h e  t rapping 
l e v e l  and the i n t r i n s i c  F e r m i  l eve l .  The d i f f u s i v i t i e s  can be found 
from t h e  bulk mob i l i t i e s  using Eins te in ' s  r e l a t ionsh ip ,  

and un are t h e  
P 

3 
are t h e  d i f f u s i v i t i e s  of 

P 
are t h e  e f f e c t i v e  l i f e t i m e s  of e l ec t rons  

P 
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The effective lifetimes of electrons and holes are taken to 

1 and T = 
p Q v N '  

' c =  

'nVthNt P t h t  

respectively. 
and density of traps in the p-type bulk. 
made for the generation current equation. 
depletion region is considered as two different carrier generation 
rates determined by the trap characteristics on both sides of the 
junction. 

an and Nt refer to the electron trapping cross sections 
Similar adjustments must be 
In the computer model the 

The total width of the depletion region can be closely approxi- 
mated by 

and the width on the n and p sides of the junction are 

where NA and ND are the 
substrate and drain, respectively; $, and $D are the Fermi potentials 
in the substrate and drain: 
applied to-the junction 
common voltage as was a 
drain-source voltag VDs. Note that the generation currents are bias 
dependent while the 

cceptor and donor concentrations in the 

nd Vrev is the external reverse bias 
If the substrate and source are tied to a 
umed in this model, Vrev is equal to the 

KT 
9 fusion currents are not, provided Vrev >7 - . 

At high temper s the diffusion currents dominate the reverse 
current expressions. 
one-sided (ND > 
current is usua an that €or holes, so that 

Because the drain/substrate junction is normally 
devices), the electron diffusion 

bove 200 C .  Plotted in Figure 10 is 
'rev Idiff,n + the model output for a reverse biased n -p jun 

Pinchof f Regime 

-- The onset of saturation--that region 
of the device characteristics where the drain current is nearly 

ndent of drai ccurs when the rsion layer 
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Fig. loa. Model calculations for reverse current of a n+-p junction. 
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1 0 - l ~  

PARAMUERS 
N A,  sub = 5 x 1015 cm-3 

N D, drain 
N~ = 1014cm-3 

A = 10-4cm2 i 

= 1018 cm-3 - 

a n  = 6 x 10- l5 cm Typical for 
gold in p-type 
silicon - E i = P  - E = t 3 x  = 0.23eV i0-15cm2J 

25 C 



Fig. 10b 

23 



T 

24 

disappears a t  t h e  drain.  The charge per  u n i t  area i n  the inversion 
l aye r  is given by 

Solving f o r  VDsAT y i e l d s  

Reduced Channel Length -- As t h e  dra in  vol tage is increased above 
the channel length i s  reduced by t h e  width of t h e  deple t ion  v~~~~ 

region between t h e  d ra in  and t h e  po in t  where V(y) = VDSAT. 

e f f e c t i v e  length of t h e  channel i s  then given by 
The 

I L = L -  

Flat-Band Voltage 

One contr ibut ion t o  t h e  MOS s t r u c t u r e ’ s  flat-band vol tage has 

c 

already been discussed--the metal/semiconductor work funct ion d i f -  
ference.  In  addi t ion ,  t h e r e  are two o the r  important contributions-- 
sur face  s ta te  charge and oxide charge due t o  i o n i c  contamination. 

Surface s ta te  charge i s  a.posit ive,  f ixed  charge loca ted  near  t h e  
s i l icon/oxide in t e r f ace ;  i t s  dens i ty  per  u n i t  area, QSS, is a s t rong  
funct ion of c r y s t a l  o r i e n t a t i o n  and of t h e  environment during oxidat ion 
and annealing.” Past s t u d i e s  have ind ica ted  t h a t  t h e  charge is due t o  
excess ( ion ic )  s i l i c o n  i n  t h e  oxide. The dens i ty  of sur face  s ta te  
charge may a c t u a l l y  increase  with t i m e  i f  t h e  device is  heated under 
negat ive gate biases. However, with proper annealing a f t e r  ox ida t ion  
and with t h e  r e l a t i v e l y  l o w  ga t e  vol tages  expected under normal 

can be made t o  be q u i t e  small temperature opera t ing  condi t ions,  
and r e l a t i v e l y  t i m e  invar ian t .  

Qss 

L4 



I 
Ion ic  contamination of  t h  xide can a l s o  con t r ibu te  t o  the  f la t -  

band vol tage.  Unlike su r face  s ta te  charge, t h e  ions may become very 
mobile a t  temperatures w e l l  below t h e  300 C l e v e l .  This makes modelling 
somewhat more d i f f i c u l t  unless  it is  assumed t h a t  t h e  device i s  biased 
with e i t h e r  p o s i t i v e  o r  negat ive ga t e  vol tage f o r  long per iods of  t i m e  
and t h a t  excursions t o  t h e  opposi te  p o l a r i t y  are b r i e f .  
it can be assumed t h a t  the  ions w i l l  be concentrated very near t he  
metal/oxide o r  s i l i con/oxide  in t e r f aces .  

I n  t h i s  way 

The e f f e c t i v e  gate vol tage can now be expressed as 

v;; = VG - VFB 

where xd is t h e  oxide thickness ,  x is the d i s t ance  from the  m e t a l /  
oxide i n t e r f a c e ,  and p(x)  is  the  charge dens i ty  wi th in  t h e  oxide. 
Obviously, t he  effective ga te  vol tage is made more p o s i t i v e  by t h e  
presence of su r face  s ta te  charge or i o n i c  charge wi th in  t h e  oxide. 
The c l o s e r  t h e  ions  are t o  t h e  oxide /s i l icon  i n t e r f a c e  t h e  greater 
their  effect  is on VFB. 

Changes f o r  t h e  PMOS Model 

As a genera l  r u l e  t h e  NMOS equat ions could be adapted t o  PMOS 

devices  by changing the s i g n s  of  t h e  terminal  vo l tages  and c u r r e n t s  
(Vl, VDs, ID, VT, VDsAT). One o t h e r  change must be made: Since the 
substrate is n-type t h e  metal semiconductor work func t ion  d i f f e rence  
w i l l  be given by 

A n  inspec t ion  of the te rmina l  th reshold  vol tage  equat ions w i l l  show 
t h a t  t h e  PMOS threshold  is made up of  t h r e e  temperature dependent 
terms, a l l  of the s a m e  s i g n  and a l l  decreasing 'in magnitude with 
increas ing  temperature. NMOS, on t h e  o 
two p o s i t i v e  terms, a l l  de 
temperature. Th i s  means t h a t  t h e  terminal  th reshold  vol tage i n  PMOS 

w i l l  have a s l i g h t l y  g r e a t e r  temperature dependence than i n  NMOS 

devices.  Shown i n  Figure 11 is a p l o t  of  t h e  computer model ou tput  of  
t h e  threshold  vol tages  as a funct ion  of temperature f o r  two devices  
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Fig. 11. Model generated temperature variations of 
threshold voltage for p and n-channel MOSFET. 
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i d e n t i c a l  i n  every respect except dopant type. 
of  the PMOS device shows s l i g h t l y  more v a r i a t i o n  w i t h  temperature than 
that  of  the NMOS device. I n  general ,  however, the PMOS threshold  
vol tage  w i l l  be less l i k e l y  t o  change p o l a r i t y  as t h e  temperature is 

enhancement mode device is  less l i k e l y  t o  become a deple t ion  mode 
device--a phenomena o f t e n  observed. 

The threshold vol tage u 
. increased  s i n c e  it is usua l ly  larger i n  magnitude. That is, a p-channel 

MEASUREMENT VERSUS MODEL 

Comparison 

The Motorola MFE3001 n-channel MOSFET w a s  chosen for high tempera- 
t u r e  r e l i a b i l i t y  s t u d i e s  and f o r  t h e  purpose of  comparing t h e  model t o  
experimental  data. A diagram of  t h e  top  su r face  of an MFE3'001 chip is  
shown i n  Figure 1 2  below. In  add i t ion  t o  t h e  ga t e ,  source,  and d r a i n  
con tac t s  on t h e  top  plane,  there is  a con tac t  t o  the substrate on the 
back plane t o  enable  substrate b ia s ing  and s h i f t i n g  of t h e  turn-on- 
voltage.  For a l l  of our  s t u d i e s  t h e  substrate w a s  connected t o  t h e  
source. 

C H I P  15 x 15 fils 
So~fiCS ? t i )  3.0 X 3.0 m i l s  

G4'IE FAD 3.0 X 3.0 m i l s  

DXAIW PAD 2.6 X 3.0 nj l s  

Fig. 12'. Electrode geometry f o r  WE3001 Motorola n-channel MOSFET. 

The MFE3001 ch ip  i s  15 x 15 m i l s .  The t o t a l  channel width and 
'length were estimated t o  be 1100 and 1 2  p 
substrate junc t ion  area is approximately' 3 x 

of the  d ra in / subs t r a t e  and sourceysubs t ra te  junc t ion  breakdown vol tages  

of t h e  dependence of  the turn-on vol tage  on temperature, t he  substrate 

oxide th ickness  w a s  estimated t o  be 1800 A ( f a i r l y  th i ck  f o r  t h i s  type 
of device). 
semiconductor work func t ion  d i f f e rence  of approximately -1 v o l t  a t  
room temperature. 

respectively. '  The drain; 
2 c m  . From s t u d i e s  

- when t h e  g a t e  w a s  biased f o r  flat-band condi t ions  and from observat ions 

- doping concent ra t ion  w a s  found t o t b e  near  6 x ~ m - ~ .  The gate 

Aluminum is used for the top meta l l i za t ion  g iv ing  a metal- 

Assuming ideal processing condi t ions ,  Qss/q is W 



1.8 x 10 l1  cm-2 . The concentrat ion of ions i n  t h e  ga t e  oxide w a s  taken L, 
-2x/x0 -3 

t o  be 2 x 1017 e 
i n t e r f a c e  and xo is  t h e  oxide thickness.  

The e n t i r e  back plane of the device is  covered with a gold f i l m .  

c m  , where x is  measured from t h e  metal/oxide 

It is not  known a t  w h a t  po in t  i n  t h e  manufacturing process t h e  gold i s  
deposited,  bu t  subsequent hea t  treatments and device operat ion a t  
300 t o  600- could r e s u l t  i n  d i f fused  gold concentrat ions of up t o  
1014 ~ m ' ~  i n  t h e  bulk semiconductor. 
a state w i t h  an energy l e v e l  0.21 e V  below t h e  cen te r  of t h e  gap. 
t rapping cross sec t ions  for  e lec t rons  and holes  f o r  t h i s  s ta te  are 
5 x and 2 x c m  , respect ively.  I n  n-type s i l i c o n  t h e  gold 
t rapping l e v e l  is  0.02 e V  above the cen te r  of t h e  gap and t h e  t rapping 
cross sec t ions  are 3 x 1 0  -16 and 4 x 1 0  -15 c m 2  for e l ec t rons  and holes ,  
respect ively.  

I n  p-type s i l i c o n  gold introduces 
The 

2 

It should be pointed ou t  t h a t  many of t h e  numbers presented above 
are only very rough estimates ( the  ion  concentrat ion i n  the oxide, f o r  
example). The unava i l ab i l i t y  of t h e  d e t a i l s  of t h e  manufacturing 
processes and t h e  lack of t i m e  t o  make good capacitance-voltage s t u d i e s  
l ed  t o  s o m e  device parameters being only approximately known. A b e t t e r  
check of t h e  computer model has been i n i t i a t e d  by cons t ruc t ion  and 
t e s t i n g  a device of known design. 

Experimental and t h e o r e t i c a l  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  t h e  
WE3001 are shown i n  Figures 1 3  and 1 4 .  The agreement between t h e  t w o  
is very good consider ing the  unce r t a in t i e s  involved. N o t e  t h e  
r e l a t i v e l y  l a r g e  d ra in  cu r ren t s  a t  VGs = -5 and T = 275 C. 

these  are the leakage cu r ren t s  t h a t  continued t o  f l o w  a f te r  t h e  t ran-  
sistor w a s  w e l l  below cutof f .  The model seems t o  confirm t h a t  these  
cu r ren t s  are due t o  t h e  reverse  s a t u r a t i o n  cu r ren t s  of t h e  drain/  
s u b s t r a t e  junction. A t  high p o s i t i v e  g a t e  vol tages  the measured 
transconductance is considerably less than t h a t  pred ic ted  by t h e  model. 
This is  probably due t o  a lowering of t h e  channel mobil i ty  caused by 
t h e  high sur face  field--a refinement t o  be added t o  t h e  model i n  t h e  

I n  fact ,  

near  future .  

A good ind ica to r  of t h e  device s e n s i t i v i t y  t o  temperature var ia-  
t i o n s  is t h e  ra t io  of t h e  transconductances a t  275 C and 25 C (VGs = 2 ) :  
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As shown in Figures 13 and 14 R was found to be 0.378 experimentally 
and 0.364 theoretically--a close agreement. Therefore, with respect 
to transconductance the MFE3001 is performing at high temperatures as 
predicted from this computer model. 

Redesign for High Temperatures 

gm 

> 

The computer model can be used to design devices to be less 
temperature sensitive. Figures 15, 16, and 17 show the transfer 
characteristics of a device equivalent to the MFE-3001 in all respects 
except that the-substrate doping has been increased. 
is increased from 6 x 1015 to 3 x 10l6 ~ m - ~ ,  R 
to 0.672. 
temperature sensitivity of the device by a considerable amount (increase 
R 84.6%) simply by increasing the doping in the channel. .However, 
caution must be used when considering-these results. As was pointed 
out earlier, the expression used to calculate channel mobilities is 
only accurate for doping concentrations within a factor of 2 of 
6 x lo1' ~ m - ~ .  
sensitivity could be decreased, a doping-independent channel mobility 
equation was substituted into the model: 

Note that as NA 

increases from 0.364 
gm 

This means that it should be possible to decrease the 

gm 

In order to get a limit on just how much the temperature 

= 2 0 3 ~ ' ~ ~ ~  M2/sec-volt . 'n , channel 

This equation has been suggested by several studies o f  channel mobilities 
on p-type silicon. 
increase in R of 20.4% when NA was increased from 6 x 1015 
3 x 10l6 ~ m - ~ ?  It is, therefore, safe to assume that if t h i  

were to be built it would have an R 
the MFE3001. 

Using this equation the model then predicted an 

considerably higher than that of 
gm 

There are several problems with "improving" the de 
manner t 

1. The threshold voltage varies more with temperatures as 
the doping is increased. 

2. The zero temperature coefficient point, point on transfer 
curve independent of temperature, occurs at higher gate 
voltages and drain currents as the doping is increased. 
This may or may not be desirable from a circuit designer's 
viewpoint . 

3. The overall transconductance of the device decreases 
rapidly as the doping is increased. 
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The zero temperature coefficient point may be moved to different 
voltages by changing any parameter influencing the flat band voltage 
(gate metallization, etc.). This computer model indicates that the 
device transconductance can be increased by thinning the'oxide 
(Figure 18 shows this to have only a small effect), or by increasing 
the channel width to length ratio (Figure 9). on devices such as 
the MFE3001 the substrate may also be biased at a non-zero voltage 
with respect to the source. This shifts the transfer characteristics 
along the VGs axis and it then becomes possible to change the voltage 
at which the zero temperature coefficient point occurs and/or to vary 
the transconductance at any given gate to source voltage. 
shifting the transfer characteristics in Figure 18 by 4 volts would 
give gm, 25 = 1.97 mv as compared to 0.795 mv for the "normal" case. 

Figure 20 shows the effect of decreasing the gold concentration by a 
factor of 10, presumably done by "cleaning up" the manufacturing 
process. This reduction of gold results in a factor of 3 diminution 
in leakage. 

For example, 

The last remaining problem is the large leakage current at 275 C. 

However, other trapping centers besides gold may be present. 

HIGH TEMPERATURE AGING OF MOSFETs 

Aging Tests 

The record of MOSFET high temperature aging is spotty.' For this 
reason no MOS devices ha een incorporated in field circuits to date. 
The problem should disap as statistical confidence is built in the 
MOS device preselection procedure, and' as hybrid bonding and hermetic 
packaging improve. Selection on the manufacturer 'level, .lo 
and device level appear equally important. 

High temperature aging runs were made on three different aevice 
All tests were run on manufacturer h.ermetically packaged types. 

devices (TO cans). The first test involved six WE3001 under bias in 
an air oven at 275OC. Periodically drain haracteristics were taken 
over 1100 hours. Only one catastrophic f lure was observed during 
this period and it was later attributed to a poor connection at the 
drain bonding pad. 
appreciable time variation in any of th characteristics. The second 
test involved five 2N4352 devices aged 
coefficient point at 3OOOC until failure. Failure in this case was 
characterized by an order of magnitude change in IDS (see Fig. 21). 

\ 

During the test none of the six devices showed 

er. bias at the zero temperature 
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Unacceptable change in IDS commenced at the beginning of aging for 
some transistors and after 400 hours for others. Several experienced 
open bonds before 1000 hours, but other drifts in characteristics had 
already ruled them unfit for linear circuits. The 'last test involved 

DS 
five 2N4351 devices aged at 3OOOC under a VDs = 2 V bias. 
showed unacceptably large change at 100 hours and bond opening occurred. 
During the last two tests abrupt changes in gate voltage led to 
one minute drifts in drain current, a symptom of mobile impurity ions 
in the gate oxide. 

LaJ 

Again, I 

B 

TIME ( HOURS 1 

Fig. 21, High temperature aging produced changes 
in drain-source current with fixed bias. 

Failure Modes 

Three conditions we esponsible for th failkes seen during 
MOSFET aging tests: lea -package brea 8 mobile impurity ions in 
gate oxide, and high-concentration of go1 
None of the functional or catastrophic failures seen in MOSFET high 
temperature aging appear fundamental: that is, changes in the standard 
fabrication technique should circumvent these failures. 

The first indication of an open lead was an infinite resistance 
reading, usually to the drain pin. Careful package autopsy revealed 
an aluminum bonding wire lift at the gold drain pad of the package. 
As described in the chapter on bonding in this report, gold films 
exist which maintain bond pull strengths to aluminum wire under high 
temperature aging. 

W 
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After  hundreds of hours of aging a t  3OOOC some devices exhibi ted 
seve ra l  minutes of d ra in  cu r ren t  d r i f t  whenever the dc ga te  vol  
w a s  abrupt ly  changed. I n  addi t ion,  i f  a l l  b i a s ing  on t h e  devic  
removed f o r  s eve ra l  hours, a recovery t o  "standard" c h a r a c t e r i s t i c s  
would occur. 
i n  t h e  g a t e  oxide; o f t en  sodium is  t h e  c u l p r i t .  
production l o t s  t e s t e d  d i d  not  develop t h i s  fa i lure  m o d e ,  it can be 
assumed t h a t  MOSFET devices can indeed be manufactured without t h e  
in t roduct ion  of mobile ga t e  impurity ions.  

I 

These symptoms are associated with mobile impurity ions 
Since a l l  device 

, 
, 

The presence of a high concentrat ion of gold wi th in  t h e  device 
s i l i c o n  can be deduced from di f fus ion  cons tan ts  appl ied  t o  t y p i c a l  

comparisons i n  t h i s  chapter.  
5 O O O C  temperatures or  higher  af ter  t h e  gold backing has  been deposited 
on t h e  wafer. 
1014 ions/cm3 is  possible .  
t h e  experimentally measured l a r g e  d r a i n  cu r ren t s  a t  turn-off gate 

included. The r e s u l t i n g  r e l a t i v e l y  high d r a i n  cu r ren t  (leakage) even 
a t  normally "off 'I ga te  voltages e l iminated many c i r c u i t  designs. Thus, 
high gold s o l u b i l i t y  caused a p a r t i a l  func t iona l  failure f o r  3OOOC 
operation. However t h e  gold is  d i s t r i b u t e d  wi th in  t h e  t r a n s i s t o r  after 
fabr ica t ion ;  it is not  i n  equi l ibr ium during 3OOOC operation. 
temperature d i f fus ion  lengths  equal t o  t h e  ch ip  thickness  can be 
achieved i n  a f e w  hundred hours. Hence, t h e  amount of gold i n  so lu t ion  
or  gradien ts  i n  gold concentrat ion w i l l  change perhaps by p r e c i p i t a t i o n  
i n t o  p a r t i c l e s  o r  i n t e r f a c i a l  l ayers .  Such an a l t e r a t i o n  would slowly 
change conduct iv i t ies  and t h e  ga t e  vol tage e f fec t iveness .  Such d r i f t s  
w e r e  seen during high temperature operation. Fortunately gold bac 
is  not  necessary i n  MOSFET processing a s  long a s  t h e  ga te ,  source,  
d ra in  contac ts  a l l  appear as aluminum pads on t h e  top  of t h e  die .  
Although gold impur i t ies  act  as t rapping cen te r s ,  they are not  the only 
poss ib le  cause of excessive high temperature d r a i n  current .  
t i o n  and t e s t i n g  of gold-free MOSFETs w i l l  he lp  sor t  o u t  t h e  o the r  
causes.  

I 

I i n d u s t r i a l  f ab r i ca t ion  procedures and f r o m  t h e  computer modelling 
Typical i n d u s t r i a l  processing involves 

Under these  condi t ions gold s o l u b i l i t y  i n  s i l i c o n  of 
In  addi t ion ,  t h e  computer model generated 

vol tages  only when gold concentrat ions approximating 1014 ions/cm 3 w e r e  

A t  t h i s  

The comple- 

i 
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CHAPTER 2 - JUNCTION FIELD EFFECT TRANS I STORS 

INTRODUCTION 

Silicon junction field effect transistors (JFET) have become the 
backbone of Sandia's high temperature microcircuits. 
was justified by two test results. 
characteristics with a zero temperature coefficient region, a gate 
voltage range for which the drain current varies little from 25 to 
300OC. 

characteristics over '1000 hours, in marked contrast with the substantial 
drift seen in MOSFET tests. 

This chapter star 
parameters incorporate 
complete temper 
are then compar 
test results for 

This utilization 
First, JFETs displayed drain 

Secondly, 3OOOC aging under bias produced little drift in JFET 

ic description of JFET operation and 
er model which is usable over the 
aracteristics generated by the model 

Lastly, the aging those taken in Oven tests. 

A simplified vfew of a typical n-channel Junction Field Effect 
Transistor (JFET) i 

Fig. 22 
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L/ The top and bottom gates may be electrically connected by a deep p+ 
diffusion at the ends of the device. In that case no top metallization 
is required for the gate contact, simplifying the design and manufacturing 
processes. 

I 

The device operation for the case of zero gate and source voltages 
is illustrated in Figure 23. 
to the drain, electrons will flow from the source, through the channel 

en- the two gates, to the drain. 
remains small the channel acts like a fixed resistor, causing the ID 
VS. VD characteristics to be linear. 
increased the gate/channel junction depletion region near the drain 
widens, causing the cross-sectional area. of the channel to decrease 
and, hence, the resistance of the channel to increase. If the drain 
voltage is increased to a sufficiently high value the two depletion 
regions touch, creating a condition called pinch-off or saturation: 
the voltage at which this occurs is VDsAT. 
trodes are now completely separated by a reverse biased depletion 
region, a zone which would not normally conduct unless carriers were 
generated within or injected into it. 
tion the voltage drop between the source and the point in the channel 
where pinch-off occurs will remain constant and equal to VDsAT. 
Therefore, the channel between those two points will carry current and 
the carriers arriving at the pinch-off point will be injected into the 
depletion region and drift to the drain contact. If the drain voltage 
is raised above VDsAT , the current will remain essentially constant 
since it is determined by the voltage drop across t h e  conducting 
channel; this voltage drop will be equal to VDsAT because that is the 
voltage required to cause the two depletion regions to touch. 
the current increases slightly due to the gradual shortening of the 
channel). The preceding discussion is also valid for negative gate 
voltages except the two depletion regions will be wider. 
channel resistance will be larger, resulting in lower drain currents. 

If a small, positive voltage is applied 

As long as the drain voltage 

However, as the drain voltage is 

The source and drain elec- 

In the case of a JFET in satura- 

(Actually 

Therefore, the 

In addition the pinch-off condition will be reached at lower drain 
voltages because of the added reverse bias across the gate/channel 
junction. 
device. 

Shown in Figure 24 are the drain characteristics of a typical 
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Fig. 24 .  Drain c h a r a c t e r i s t i c s  of t y p i c a l  n-channel JFET. As with  
the MOSFETs both a l i n e a r  and sa tu ra t ion  region ex i s t .  



Drain Current 

The standard equation relating the gate and drain voltages to the 
drain current in an ideal n-channel JFET is 13 

"DS - < 'DSAT 'GS 2 VT (Turn-off Voltage) ; 

Vbi is the built-in voltage of the gate/channel junction and ND is the 
donor doping concentration in the channel. Unlike the MOS transistor, 
the JFET has regions near the source and drain whose resistances are 
not under gate control. As can be seen in Figure 25, the existence of 
these zones causes the voltages at the beginning and end of the channel 
to be different than the terminal voltages. 

Fig. 25. Schematic illustration of resistances inherent in JFETs. 

so that 

and 

t I I 

vDs = VD - Vs = VD - I D ( R s  + %) . 
LJ 



The expression for the  d ra in  cu r ren t  may now be rewr i t t en  as 

+ 'bi - VG + IDRs)3/2 - (Vbi - VG + IDRs) 3/21 1 
or  

VD - ID(Rs + R,,) - i p c ( V D  - ID% + Vbi - VG) 3/2 
3d q N D  

"qUnNDd - 
I D  - L 

In  order t o  eva lua te  this expression, an i t e r a t i o n  scheme using the  
Newton-Rapheson method w a s  set up t o  f ind  the  zero of the funct ion 

where 

and 

L 

The s lope  of G a t  any po in t  i s  given by 

4 6  



. 

Given VD, VG, and a first guess f o r  ID, t h e  next  approximation t o  t h e  
r o o t  is a - 

The cyc le  can be repeated u n t i l  t h e  desired accuracy is  obtained. I n  
( ) w a s  less t h e  computer model the i t e r a t i o n  w a s  terminated when G I 

than 5 x lo’*. D (n) 

A t  t h i s  po in t  it should be pointed o u t  that  these  equat ions apply 
exac t ly  only f o r  t h e  case of a s t e p  junc t ion  a t  t h e  ga t e  and uniform 
doping i n  t h e  chann’el. 
c h a r a c t e r i s t i c s  are near ly  independent of t h e  doping p r o f i l e s .  

However, it has been shown 14‘15 t h a t  the device 

Sa tu ra t ion  Region 

The equat ion f o r  t he  width of t h e  deple t ion  region of  a one-sided 
s t e p  junc t ion  is 

where Vrev is t h e  reverse  b i a s  ac ross  t h e  junct ion.  
pinched o f f  when each dep le t ion  region extends halfway i n t o  t h e  
channel : 

The channel is 

Solving f o r  VD = VbsAT y i e l d s  

2 
qND - - -  + VG + ID% - Vbi . 

’DSAT 8 c s ,  

2 
I qND 

+ VG - Vbi - I R S u b s t i t u t i n g  t h e  value VDs = - 
expression f o r  ID gives  t h e  s a t u r a t i o n  c u r r e n t  

back i n t o  the D S  8cS 

.. 
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This equation was also evaluated using the Newton-Rapheson iteration 
scheme. 

where 

2 
‘qPnNDd qNDd 

- and c3 = Z4EQ 
- 

c1 - L 

- aG = 1 - CIRs (Vbi - VG + IDRs) l’* - 11 . 
a ID 

S(ID) = 

Then 

Turn-Of f 

It is possible to cause 
a large enough negative bias 
called the turn-off voltage, 
of the depletion region of a 
calculated to be 

vT 

the entire channel to become depleted if 
is applied to the gate. This voltage is 

VT. By using the equation for the width 
one-sided step junction, VT can be 

Drain and Source Resistances 

The resistance of an n-type semiconductor sample is 

where L and A are the length and cross-sectional area of the sample, 
respectively, and n is the electron concentration. If the source 
and drain resistances are specified at room temperature (300°K), then 
the resistances at any temperature can be found from 

%, 300ND 
RS,D(T) = RS,D,300 1.1 (ND + ni) n,T 
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t 

I 

I 
The factor ND/(ND + nil arises from the fact that at room temperature 
nearly all of the donors are ionized and ni << ND. 
temperatures, however, the intrinsic carrier concentration may not be 
negligible compared to the doping concentration so that n = ND + ni. 

Junction Built-In Voltage, Vai 

At elevated 

Shown in Figure 26 is a simplified band diagram of a p + n junction 
under equilibrium conditions- 

n-type P+-tYPe 

Fig. 26. Band diagram illustrating built-in voltage, Vbi. 

JIc and JIG are the Fermi potentials in the channel and gate regions, 
respectively. 
of this report, the Fermi potentials are 

Following the equations set forth in the MOSFET section 

(",, + 4-1 
2ni KT Rn JIG - - 9 

8 

n i i ---i 

d acceptor concen- 

MOSFET section. 

. vely. A plot of 
Fermi potential versus temperature i 

- 

The bulk mobility expressions present 
this paper were used to describe the chann 

were also used without modification. 

SFET section of 
s in the JFET. 
band gap shrinkage h./ 
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P-Channel JFETs 

The equations for the p-channel -device characteristics are very 
similar to those of the n-channel JFET. 
p-channel JFET has positive gate voltages and negative drain voltages. 
The charge carriers are holes, hence the device conducts in the opposite 
direction. 
carriers (holes) flow from source to drain, then 

In normal operation the 

However, if the current is defined as positive when the 

' ID = C1{-VD - ID(RS + F$,) - c2 - I D S  + vbi + VG) 3/2 

below saturation, and 

where C1, C2, and C3 have the same meanings as before, 
and turn-off voltages are given by 

The saturation 

and 

'bi 

Comparison of Measurement to Model 

The 2N4391 n-channel JFET was selected for the purpose of comparing 
the model to experimental data. 
top surface of a 2N4391 chip.16 
back plane. 

Shown in Figure 27 is a diagram of the 
Connection to the gate is made to the 

S - 2.6 x 2.6 mils 

D = 3.2 x 2.7 mils 

ti = suos t r a t e  

L 

Fig. 27. Electrode geometry for Motorola 2N4391 geometry. 
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The chip dimensions are 19 by 19 mils. 
drain fingers is 10.6 pm in all cases. 
drain/source regions and the gate diffusion eaves approximately 6 pm 
for the channel length. The total width, z of the channel found by 
summing the lengths of all of the fingers is 3206 pm. 

The gate junction breakdown voltage was found to be 62 volts. 

The gap between the source and 
Allowing 2 pm between the 

Doping concentrations can be directly related to breakdown fields. 17,18 

If the radius of curvature at the ends of the gate region is assumed 
to be 3 pm (typical for this type of device with these dimensions), 
then a breakdown voltage of 62 V corresponds to a doping concentration 
of 5 x 
measured to be -5.6 volts. ~ Knowing VT and ND, the channel depth can 
now he calculatep. 

cm-3. The turn-off voltage at room temperature was 

or 

The only remaining device parameters are the source and drain 
resistances. 'Recall that for a given gate voltage the ID VS. VD 
characteristi are linear for small drain voltages. The reciprocal 
of the slope in the linear region corresponds to the total resistance 
of the device. For 

ID = 13.1 mA a 

(Linear region operation was verified by an inspection of the drain 
ics.) This imp1 a device resistance of 38.2 i2. The 
uctance in the linear regi for VG = 0 is 

source-and drain leads may be 
interchanged) so that 

38.24 - l/s = 14' . 
R s = % =  2 

W 
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The device parameters a r e  summarized below, 

Parameter Value 
Channel length L 6 
Channel width Z 3206 Um 

Channel depth d 2.577 Um 
Source Resistance 
Drain Resistance 

1 4  Q 
1 4  a2 

RS 
RD 

Theoret ical  and experimental r e s u l t s  are given on t h e  following 
pages. Model agreement with t h e  measured da ta  i s  very good: t h e  model 
f o l l o w s  t h e  observed temperature dependence of d ra in  cu r ren t  and 
threshold vol tage q u i t e  w e l l  (see Fig. 28). The zero temperature 
c o e f f i c i e n t  (zTC) po in t  i s  q u i t e  evident  on the  graphs. If t h e  device 
i s  biased with g a t e  vol tage less negative,  thermal runaway is  impossible. 
A rise i n  temperature caused by i n t e r n a l  power d i s s i p a t i o n  causes a 
reduct ion i n  d ra in  cur ren t .  This, i n  tu rn ,  br ings about a reduction 
i n  the power d i s s ipa t ion  and el iminates  the  p o s s i b i l i t y  of any f u r t h e r  
increase  i n  temperature, On the o the r  hand, a device biased with ga te  
vol tage more negative may be unstable.  Heating of t h e  device caused 
by i n t e r n a l  power d i s s ipa t ion  would effect an increase  i n  d r a i n  cu r ren t  
and more i n t e r n a l  heating. 

F r o m  t h e  comparison of model t o  measurement, it is  obvious t h a t  
t h e  2N4391 is performing according t o  i t s  design a t  e leva ted  tempera- 
t u re s .  Figures 29 and 30 show t h e  t h e o r e t i c a l  model r e s u l t s  of using 
t h e  2N4391 geometry, bu t  changing t h e  channel doping concentrat ion 
s l i g h t l y ,  In  a l l  t h ree  cases t h e  z e r o  temperature c o e f f i c i e n t  po in t  
occurs a t  a d ra in  cu r ren t  of approximately 1 mA b u t  a t  d i f f e r e n t  ga t e  
vol tages .  As a r u l e ,  t h e  ze ro  temperature c o e f f i c i e n t  po in t  should 
occur a t  more negative ga t e  vol tages  as the  channel doping concentrat ion 
i s  increased; obviously t h e  same is  t r u e  of t h e  turnof f  voltage.  The 
magnitude of the change i n  cu r ren t  with increas ing  temperature is less 
for t h e  device with low doping; however, t h e  0.40 ra t io  of peak cu r ren t  
a t  275OC t o  peak c u r r e n t  a t  r o o m  temperature is approximately t h e  same 
f o r  a l l  t h r e e  doping leve ls .  

c, 

For comparison purposes t h e  t h e o r e t i c a l  t r a n s f e r  c h a r a c t e r i s t i c s  
for a p-channel vers ion of t h e  2N4391 are given i n  Figure 31. Because 
of the l o w e r  mob i l i t i e s  involved the  d ra in  cu r ren t s  are l o w e r  and t h e  
i n t e r n a l  r e s i s t ances  are higher. The cu r ren t s  i n  t h e  p-channel device 
also show a larger temperature dependence. 
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OMODEL DATA POINTS - EXPERIMENTAL 

Model Experimental 
25C -5.63 -5.62 

150C -5.83 -5.85 
275C -6.05 -6.08 

I I 

TRANSFER CHARACTER I ST I cs 

VDS = 5v 

FOR 2N4391 N-CHANNEL JFET 

I I I I I I 
-6 -5 , -4 -3 -2 -1 0 

V6 (VOLTS) 

Fig. 28. Comparison of model and experimental transfer characteristics. 
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F i g .  29. Theoretical transfer characteristics of 2N4391 F i g .  29. Theoretical transfer characteristics of 2N4391 
w i t h  N~ = 4 x cm-3. w i t h  N~ = 4 x cm-3. 
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Fig, 30, Theoretical transfer characteristics of 2N4391 
15 cm-3 w i t h  N,, = 6 x 10 
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Fig. 31. Theore t ica l  t r a n s f e r  c h a r a c t e r i s t i c s  of 
p-channel vers ion of 2N4391. 
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Figure 32 shows t h e  model output for an n-channel JFET of a 
d i f f e r e n t  design : 

1 6  cm-3 ND = 1 0  

L = 6 p m  

z = 1000 um 

"S 

The zero temperature c o e f f i c i e n t  po in t  f o r  t h i s  device occurs a t  a 
lower d r a i n  cu r ren t  than i n  the  2N4391 ( t h i s  could be a disadvantage 
i n  s o m e  ampl i f ie r  c i r c u i t s ) .  However, t h e  va r i a t ion  of d ra in  cur ren t  
with temperature is  lower f o r  t h i s  device. A range of compromise is 
ava i l ab le  for designing devices f o r  wide temperature range use. 

H I GH TEMPERATURE AG I NG OF JFETs 

The d r i f t  of electrical  parameters wi th  high temperature aging of 
JFET s i l i c o n  devices w a s  s m a l l  enough t o  a l l o w  extended operat ion of 
analog c i r c u i t s .  The e s u l t s  of f i v e  p-channel JFET 2N5270s placed 
under a 5-volt bias d i n g  3OOOC aging i n  a forced a i r  oven are 
typica l .  Cha rac t e r i s t i c s  w e r e  taken a t  24-hour i n t e r v a l s  f o r  1000 hours. 
The aging and test c u i t s  are shown i n  Figure 33. For ga te  vol tages  
from 0 t o  5 V t h e r e  s a t  most a f e w  percent  d r i f t  i n  IDS during this 
test. N o  device f a i l u r e s  occurred. 

Other aging tests w e r e  run on 2N4856 and 2N4220 n-channel devices. 
Again, no ca t a s t roph ic  fa i lures  were noted, bu t  one se t  of tests run 
a t  Clemson University" detected a substantial  increase  i n  pinchoff 
c u r r e n t  during a f e w  hundred hours of t h e  1000-hour test. N o  physical  
ause of this i n t e r m i t t e n t  change is known 

The Sandia high temperature c i r c u i t  for t h e  platinum thermometer 
To d a t e  four  such complete c i r c u i t s  gging tool involves 25 JFETs. 

ve been fabricated and exposed t o  3OOOC oven and f i e l d  tests. I n  
addi t ion ,  numerous c i r c u i t  subsystems (vol tage regula tors ,  l i n e  d r ive r s )  
have been assembled t o  undergo oven cyc le  and aging tests i n  order  t o  

c i  t o t a l  of seve ra l  hundred 
mm JFETs have eac or 200; hours a t  3OOOC under 

bias without device f a i l u r e  rift. Rigorous inspec t ion  
and electrical high temperature prescreening, as described i n  Chapter 6 
of t h i s  r epor t ,  c e r t a i n l y  contr ibuted o this performance record. To 
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Fig. 32. Theoretical transfer characteristics of redesigned JFET. 
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date ,  devices used i n  c i r c u i t s  and r e l i a b i l i t y  tests are: 2N4220, 
2N4391, 2N3994, 2N5270, BT4856, 2N3823, and U403. 

Due t o  some i n i t i a l  r e l i a b i l i t y  problems w i t h  chips  from several 
manufacturers, a l l  devices now used are suppl ied by Motorola. Their 
product r e l i a b i l i t y  during this hybrid microc i rcu i t  development has 
been exce l len t .  However, the use of Motorola product should not  be 
in t e rp re t ed  as r e s u l t i n g  from an exhaustive search of manufacturers, 
bu t  r a t h e r  as a continuing s a t i s f a c t o r y  choice based on l i t t l e  i n i t i a l  
da ta .  

LEAKAGE 

The test c i r c u i t  shown i n  Figure 33 w a s  used t o  measure the  ga t e  t o  
d r a i n  leakage as a funct ion of temperature f o r  n-channel JFETs 2N4391 
and MMF-2. The b i a s  vol tages  w e r e  set with V 

both cases t h e  g a t e  leakage w a s  less than 1 PA f o r  temperatures below 
200OC. Above t h i s  temperature t h e  leakage sca led  approximately as a 
s tandard s i l i c o n  diode; t h a t  is, with a s lope  of E /2k showing domination 
by deple t ion  region generation. The leakage a t  3OOOC w a s  between 27 and 
55 PA f o r  t h e  devices t e s t ed .  

= 0 and VD = +2.5. In  GS 

g 

A second set of leakage experiments involved the n-channel JFET 

2N4220. In  t h i s  case the back b i a s  leakage from source t o  ga te ,  d r a i n  
t o  ga te ,  and source-drain t o  ga te  w e r e  measured as a funct ion of vol tage 
and temperature. There w a s  l i t t l e  d i f f e rence  between these  t h r e e  
measurements i nd ica t ing  t h a t  e i t h e r  contac t  t o  the  n-region addressed 
t h e  t o t a l  np in t e r f ace .  
ordinary s i l i c o n  diodes with the  leakage dominated by thermal generat ion 
i n  the deple t ion  region. The maximum leakage a t  3OOOC (5V bias) w a s  
8 PA. 

The temperature e f f e c t s  w e r e  again s i m i l a r  t o  

This extremely small  leakage is a t t a ined  f o r  a t  least  four  reasons. 
F i r s t ,  t h e  cross sec t ion  area of t h e  junc t ion  is r a t h e r  s m a l l ,  30 square 
m i l s  for t h e  2N4220. Secondly, t h e  J F E T  geometry e l imina tes  m o s t  oppor- 
t u n i t i e s  f o r  sur face  c u r r e n t  leakage. Thirdly,  t h e  channel mater ia l  i s  
f u l l y  depleted under b i a s  so can only cont r ibu te  thermal generat ion 
currents--not d i f fus ion  currents .  Last ly ,  diode leakage cu r ren t  depends 
on minori ty  carrier cu r ren t s  whereas JFET mater ia l s  are purposely 
f ab r i ca t ed  t o  f ac i l i t a t e  majori ty ,  no t  minority,  carrier cur ren ts .  
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CHAPTER 3 - BIPOLAR DEVICES 

Introduction 

When first contemplating 3OO0C electronics, it was hoped that 
These devices would be 

most diodes used in solid 
bipolar silicon devices could be utilized. 
advantageous for the following reasons: 
state circuits are bipolar; bipolar transistors are available for high 
frequency and high power operation; bipolar devices are available as 
chips, hermetic cans bipolar devices are 
ubiquitous in integrated chips as electrostatic 
as junction isolation regions and as circuit devices: and lastly, many 
standard circuit designs already ex 

There was expectation for high nce of silicon 
bipolar devices for several reasons. 
showed continuous operation junction temperatures of 2ooOc for many 
bipolar device types; much 
most other components. Second bipolar geometries involve 
little temperature dependent surface states or troublesome thin oxide 
layers. 
functionality at high temperature; the Shockley bipolar diode equation 
has an exponential dependence on temperature of the leakage current, a 
clear impediment to circuit design. 
)present the formulas describing the operation of bipolar 
transistors and compare these to experimental measurement 
300OC. 

First, manufacturer specifications 

ermal temperature Limits than 

In contrast, there existed good reason to suspect loss of 

In this chapter we will briefly 

Results of the high temperature aging tests will also be dis- 
cussed. Despite the drastic temperature dependences, several modes of 
bipolar device zation will be 

Bipolar Diodes 

diffusion coeffi 
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L has a small but complicated dependence which in general is experi- 
mentally rather than theoretically determined. In this derivation, L 
is taken as increasing in temperature. With these dependences the 
current equation becomes 

J, = T" exp (-Eg/kT) , 

It is clear that-the extent of temperature dependence is almost entirely 
determined by the size of the energy gap. Thus, design changes in 
geometry or doping profiles will do little to ameliorate the extreme 
temperature dependence of bipolar diodes as compared with a change of 
the basic semiconducting material to one of larger energy gaps (such as 
Gab). Essentially, for reverse bias, the current increases as 
exp(-E /kT) with temperature, and in the forward direction one gets 
approximately an exp[-(E - qV)/kTl dependence. In Figure 3 4  the 
measured diode leakage currents are plotted versus 1/T to compare the 
slope of the data with -E /k. For silicon diodes the results compare 
best with an analytic slope of E . In silicon diodes the reverse 
saturation current is often due to generation current in the depletion 
layer. As shown in Chapter 1, this current varies only as the first 

n < 4 . 

g 
9 

9 
g/2k 

1 
i 
I power of ni or exp [Eg/2kT] . 

Given this large but predictable temperature dependence, diodes 
can still be used in some circuits. 
been used in circuits as rectifiers up to 3OO0C, albeit with much leakage. 
A series connected positive coefficient thermistor can be used to help 
temperature stabilize a silicon rectifier. As another application, the 
forward biased characteristics of diodes have been utilized as linear 
temperature transducers (see Fig. 3 5 ) .  Thirdly, despite the change in 
breakdown voltage and some loss in breakdown voltage distinctness over 
the temperature range, voltage regulation by zeners is possible up to 
30OOC. The breakdown voltage for zener diodes undergoes a 10% change 
from 25 to 300OC. Some zener types (Raytheon beam leaded BZ821) have 
built-in temperature compensation which is of some help for extended 
temperature operation. This compensation is achieved by using back-to- 
back diodes so that the change in forward characteristics with tempera- 
ture compensate the change in reverse breakdown (see Figs. 34,  3 6 ) .  

For example, silicon diodes have 
I 

. 

Once the circuit has been made tolerant to the diode temperature 
dependences, the next most important consideration becomes the aging 
properties of the diode. For the most part, high temperature aging 
depends on the diode packaging. Discrete high voltage, high power 

, 

, diodes are packaged with extreme junction temperature operation in mind. 

! 
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id For example, operation of Semtech high voltage diodes for 1000 hours at 
3OOOC produced typical leakage current changes of 10% at a fixed 5-volt 
back bias. However, about 1/4 of the devices tested showed extreme 
drifts (X5), but this did not create a threat for circuit fabrication 
since large degradation behavior could be predicted by changes in the 
first 100 hours of aging. Similarly, beam leaded and hermetic TO can 
packaged diodes have been successfully aged at high temperatures. 

Although no GaAs pn diodes are currently commercially available, 
it was possible to use the McDonnell Douglas JFET device as a diode by 
shorting the source and drain leads together. 
approach are shown in Fig. 34, a considerably smaller temperature 
dependence of leakage current was detected. Simple theory predicts a 
slope of -16,595OK (-E /k) whereas the measurements only gave a slope 

9 
of -1,000 to -3,000OK. No explanation for this has been found, but the 
leakage for these diodes was extremely dependent on voltage. 
suggests a shunt resistance exists, perhaps due to surface or package 
leakage. 

The results of this 

This 

Bipolar Transistors 

There is a slight difference in the analytic expressions for the 
expected leakage of a bipolar diode and a diode in a bipolar transistor. 
For example, the formulas for the base-collector diode leakage in a PNP 
transis tor is 

D ~ P ~ ~  Dcnco 
J(B-C)S - + - W 

LC 

where the diffusion length in the base (N region) has been replaced by 
the shorter width of the base, W. In an alloy or epitaxial transistor 
it is possible for nco << pBo, allowing the second term to be neglected. 
The following bipolar transistors were tested from 25 to 300OC: 
2N3771, 2N3866, 2N3743, 2N3742, 2N3728, 2N3964, B2T3965, B2T2222, and 
B2T2907. Collector characteristics were taken at 50°C intervals with 
attention paid to change in gain and leakage with no base current (IcEo). 
Some representative pictures of the characteristics are shown id 
Figure 37. 

One device had considerably less leakage current at high temperature. 
Figure 34 illustrates the base-collector leakage current as a function 
of temperature for a 2N3866 silicon NPN transistor. 2o 
is similar to that of an ordinary silicon diode. This base leakage must 

Notice the slope 
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Fig. 37. Representative collector characteristics for bipolar 
transistors (2N3742) over temperature range. Hori- 
zontal is collector-emitter voltage: vertical is 

.collector current, base current is parameter. 



essentially be multiplied by the static common-emitter current gain B 
to obtain the emitter-collector leakage. Collector characteristics for 
this device are shown in Figure 38. The 2 mA of emitter-collector 
leakage for zero base current at 3OOOC was found to be excessive for 
most circuit applications, although circuits meant to operate in a 
narrow temperature range around 3OOOC (for example, in a thermostati- 
cally controlled oven environment) could have compensation for the large 
but constant leakage. All other bipolar transistors tested had emitter- 
collector leakages of 10-200 mA at 300OC. 

For a transistor of fixed current cross section the leakage can be 
minimized by use of high doping. 
analytic expressions for semiconductor diode conduction we find the 
leakage 

For example, using the simplest 

where No is the doping concentration of the lightly doped diode region. 

Thus, for a fixed unit cross section the leakage can be minimized. 
However, two qualifications must be made: first for a fixed forward 
voltage the current flow is reduced proportionately to the leakage, and 
secondly, other transistor parameters such as the gain and breakdown 
voltages are also affected by doping changes. Significantly, the one 
bipolar transistor type found with low leakage (3866) also had higher 
base doping than the others. The doping was calculated from the diode 
breakdown voltages. 

Designing bipolar transistors for extremely low leakage does not 
appear possible, but the fact that at least one device type outperforms 
others by a factor of ten is promising. As an example of the flexibility 
for improvement, but complexity of the task, consider the static forward 
current transfer ratio 

* a = yBa 

where y is the emitter injection efficiency, B is the base transport 
factor, and a is the collector-body multiplication ratio. Each of 
these factors have temperature dependences that are sharply dependent 
on geometry and doping. 

* 
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Fig. 38. Low leakage bipolar transistor 2N3866. 
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CHAPTER 4 - GAAS FIELD EFFECT DEVICES 

Introduction 

Silicon field effect devices appear to be reaching their usable 
temperature limit at 300OC. 
zation and doping level choices. 
35OOC is built into the silicon. 
increases exponentially with temperature. This rate depends on the 
band gap of the material, exp(-Eg/kT). 
and reaches a point where thermally generated carriers are about as 
dense as doped carriers at about 300OC. Gallium Arsenide (GaAs) with a 
larger energy gap (1.4 eV) does not reach this point until considerably 
higher temperatures, hence the interest in GaAs for high temperature 
application. 

The exact limit is determined by metalli- 
A fundamental limitation between 300- 
The thermally induced carrier density 

Silicon has a gap of 1.12 eV 

First the general theory of intrinsic cutoff temperature, tempera- 
ture dependence of gain, and leakage current of a Schottky barrier on 
GaAs will be discussed. Then some data on commercial GaAs devices will 
be presented and discussed. The existing devices are of two types, 
metal semiconductor field effect transistors (MESFETs) and junction 
field effect transistors (JFETs). Finally a discussion of the future 
of GaAs for high temperature work will be presented. 

Intrinsic Cutoff Point for GaAs 

The following equation is derived from standard semiconductor theory 
found in any of many texts on this subject. 5,6 

E 2.rrm:K 2.rrm*K 
En N~ = En 2 + T 3 En - + -+ + - En T - 2 h2 h 

* 
where ND is the carrier density, m 
electron band gap. For GaAs the numbers are 

is an effective mass, and E is the 
g 

* mn/mo = 0.068 

m*/m = 0.5 P O  

i J  
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C 

r 
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Thus, the intrinsic carrier density becomes 

1.43 - (4.3 X (T - 300) + 47.3912 . 1 - = exp[+ En T - 
"i - NDmin T(1.725 x 

Figure 39is a plot of this carrier density as a function of temperature 
both for GaAs and Si. The doped carrier density (extrinsic carrier 
density) will typically be in the range of 1015 - 1017 for either 
silicon or gallium arsenide devices. In order for the differences in 
doping intensity to create the action of an active device the doped 
carrier density of at least one of the device regions must exceed the 
intrinsic carrier density. 
current in either direction will be equal and dominantly produced by 
intrinsic carriers unless the doped carrier density in at least one 
region exceeds the intrinsic carrier density. The degree to which 
the doped carrier density must exceed the intrinsic density will be 
arbitrarily taken as 10, a factor that in practice depends on the 
circuit. With this rule of thumb, Figure 39 shows 300-350°C as the 
cutoff range of useful active silicon devices. Similarly, gallium 
arsenide should be useful up to at least 500OC. 

For example, in a simple p-n diode the 

Gain in GaAs Devices with Temperature 

The transconductance for GaAs field effect devices is higher than 
for silicon at room temperature. 
mobility since gm % 1-1, and Un-GaAs = 4.73. 

-1 in.ga1liu.m arsenide devices decreases as inverse temperature (T ) 

compared to the sharper decrease in silicon (T -2*3). 
initial transconductance and the slower decrease in transconductance 
with temperature enhance the interest in gallium arsenide for high 
temperature work. 

Gate Leakage Current 

This is due to the higher carrier 
Furthermore, the mobility 

Un-si 

Both the high 

Operation below the intrinsic cutof 
constant gain temperature range is not e 
field effect device must remain small for operation. A MESFET device 
is a field effect transistor'where the gate function is supplied by a 

perature and within a 
i the gate leakage of a 

metal semiconductor junction, with no oxide separation. Most . I  

W % 
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Fig. 39. Intr ins ic  carrier density as function of temperature for 
s i l i c o n  and gallium arsenide. For standard doping s i l i c o n  
devices remain extr ins ic  up to 300-350°C, gallium arsenide 
to 500OC. 
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metals form a contact with GaAs that has a boundary energy barrier of 
2/3 of the energy gap of GaAs. In essence it is this smaller barrier 
height (%0.8 eV) which results in large gate leakage at elevated 
temperatures. 
found in Reference 5. 

e/ 

The semiconductor-metal barrier model to be used can be 

e 

Thermionic Emission Component of Leakage -- The metal-semiconductor 
barrier height can be calculated with the formula 

where for GaAs C2 = 0.07 and C3 = 0.49. 
the work function for conduction electrons is q$m 

diode theory as 

Assuming a Au/A1 metallization, 
4.5 eV. Thus, 

= ,805 eV. The thermionic current density can then be written from 

where A is the Richardson constant. 
bias (-VI is large enough so that exp(-qV/kT) << 1. Thus, we can 
simplify the expression for Jrs 

In device operation the reverse 

= -100~ 2 e x p ( 7 )  -9333 amp/cm 2 . Jrs 

This is plotted in Figure 40. 

Diffusion Component of Leakage -- For the same metal-semiconductor 
system the diffusion current density of leakage can be written as follows. 

s 

3/2 2nmr*kT 
= 8.55 x 10 19 T3 Nc = 2[ h2 3 

14 cm-3 ND = 10 

W Vbi = 1.5 V 
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Fig. 40. Thermionic emission component of leakage as a 
function of temperature for Al/Au contact on GaAs. 
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k, 
$BH = -805 eV 

t \ % m  *3/2T-1 at T = 3OOOC 

p = 7 x lo3 (measured) 

Thus, F\ = 2.1 x lom6 T-l cm2/V sec or 210 T-' m2/V sec. 

small compared to T'l. 

Even though 
decreases slightly with increasing temperature, the variation is 

Inserting these values gives 

Jrs 5.347 x lO'~~'~(1.5 + v ~ ~ ~ ) ~ ' ~  exp[-93:3*33] Amp/m2 . 
Figure 41 uses this equation to plot leakage current versus reverse 

voltage with temperature as the parameter. Figure 42 exhibits the 
leakage current versus the temperature at various reverse biases. 

The thermionic emission and diffusion components of leakage are 
additive. It is clear that the gate leakage for GaAs MESFETs are too 
large at high temperatures to be useful. For example, the leakage of 

= 4 volts at 3OOOC is a GaAs/Al-Au contact of area cm at Vrev 
.5 mA. 
(as in Sze ) gives a similar result. 

2 

The combined theory of leakage in a metal-semiconductor junction 
6 

The gate leakage in GaAs JFETs was also calculated and found to 
increase with increasing temperature. However, this leakage wasn't 
found to be so high as to exclude JFETs from effective use at high 
temperatures. 
"barrier height" that exists between n and p GaAs as compared to that 
between GaAs and a metal. These leakage calculations .followed Grove, 
page 178. 

This smaller leakage is essentially due to the larger 

5 

Evaluation of Commercial Devices 

There are many GaAs device types presently available from many 
suppliers: 
Texas Instruments, Hewlett Packard, and Dexcel. The GaAs MESFET devices 
found in the market today are made for microwave.frequencies and 
therefore are n channel (to utilize the higher mobility of electrons). 
Being n channel a negative gate voltage is needed for operation and the 
drain source current is maximum at zero gate voltage. 
commercial devices are designed for microwave operation encourages 
internal device microwave oscillation when dc bias is applied. 
out these tests ferrite beads were placed on the device leads to suppress 
such oscillation. 

Plessey Optoelectronics and Microwave, McDonnell Douglas, 

The fact that 

Through- 
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In  this r e p o r t  w e  w i l l  describe i n  de ta i l  several samples of a 
Plessey Optoelectronic and Microwave MESFET, t h e  GAT 1, and seve ra l  
prototypes of a McDonnell Douglas JFET which was o r i g i n a l l y  designed 
for high r ad ia t ion  tolerance.  
test procedures. 

A l l  devices were subjected t o  i d e n t i c a l  

T e s t  -- Devices w e r e  mounted i n s i d e  a high temperature forced a i r  
oven. W i r e s  w e r e  a t tached t o  the device leads  and run t o  connectors on 
t h e  ou t s ide  of t h e  oven. A l l  d r a in  c h a r a c t e r i s t i c s  w e r e  taken with dc 
b ias ing ,  no pulse  measurements w e r e  made. The standard sequence of 
tests w e r e :  charac te r ized  a t  room temperature, charac te r ized  a t  15OoC, 
soak a t  15OOC a t  f u l l  bias for 65 hours, charac te r ized  again,  275OC 
c h a r a c t e r i s t i c s  taken, soak a t  275OC under bias for 1 9 1  hours, r e t u r n  
t o  room temperature for  l a s t  charac te r iza t ion ,  I n  addi t ion ,  temperature 
cycl ing w a s  done t o  tes t  f o r  s t r u c t u r a l  endurance. The test c i r c u i t  
used is shown i n  Figure 43. 

- 

Plessey GAT 1 MESFET -- The me ta l l i za t ion  system used on t h e  GAT 1 
GaAs FETs is as follows: 

1. Gold/indium/germanium for  ohmic contac ts  
2 .  Aluminum g a t e  
3. 0.001 inch gold bonding w i r e  i n  P l O l  package 

Figures 44 t o  47 show d e t a i l e d  c h a r a c t e r i s t i c s  f o r  t w o  samples of t h i s  
device, No.  2 and No. 3. These c h a r a c t e r i s t i c s  are q u i t e  d i f f e r e n t  f o r  
t w o  of t h e  same device type, i nd ica t ing  perhaps a s e n s i t i v e  design. 

Device No. 3 displayed d ra in  c h a r a c t e r i s t i c s  which could be used 
i n  c i r c u i t s  operated up t o  3OOOC; however, t h e  d ra in  source leakage a t  
high temperatures w a s  excessive. 

(gm 
cyc l ing  and aging. 

This device showed high ga in  
= 1 2  mmhos a t  T = 25OC) and stable c h a r a c t e r i s t i c s  under temperature 

Device No. 2 showed a maximum of 165 PA leakage cu r ren t  a t  high 
temperature. This value could be t o l e r a t e d  i n  a usefu l  c i r c u i t ,  The 
aging d r i f t  of device No. 2 w a s  s m a l l  bu t  measurable. 
can t  d i f f e rence  between No. 2 and o the r  devices tested a t  room tempera- 
t u r e  w a s  i t s  l o w  transconductance, gm = 5.6 mmhos. This device d id  not  
perform as expected from t h e  simple theory above. 

The only s i g n i f i -  

JFET -- The McDonnell Douglas JFETs  functioned w e l l  a t  temperatures - 
below 225OC. 
degraded with t i m e ,  becoming extremely leaky wi th in  100 hours a t  277OC 
(see Figures  48, 4 9 ) .  I n  reference t o  t h e  c h a r a c t e r i s t i c  p l o t s  of 
these  JF'ETs it should be noted t h a t  leakage c u r r e n t  w a s  measured by 

A t  h igher  temperatures t h e  c h a r a c t e r i s t i c s  i r r e v e r s i b l y  
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of McDonnell Douglas GaAs JFET. 

McDonnell Douglas G A S  JFET #1 I 

= -1.0 

c 



I 0 n 

McDonnell Douglas G A S  JF3T #1 

I I I I t I 

1 2 3 L 5 6 0 

VDS ( VOLTS ) 

Fig. 49. Time variation of drain characteristics 
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r taking voltage measurements across the 1 kQ resistor. Thus, the voltage 
across the gate was different from that recorded on the chart recorder 
by the voltage drop across the 1 kQ resistor. This accounts for the 
increase in slope as V was increased. DS 

Conclusion 
T 

This preliminary investigation indicated that in principle GaAs is 
a good high-temperature device material due first to its large gap and, 
secondly, to the high electron mobility. Despite this promise, presently 
available commercial GaAs field effect devices are not suitable for high 
temperature use. 

The McDonnell Douglas JFET would handle high temperature if aging 
stability were achieved. This instability was due to metal migration 
on the device surface caused by the relatively low melting temperature 
gold alloy used in the electrodes. This migration noticeably altered 
the device characteristics after only 10 hours above 250OC. Since the 
electrode details are on the order of a few microns for high frequency 
GaAs devices, migration distances to failure are small. This failure 
mode is not fatal, however, in the sense that a higher temperature 
metallization or surface barriers could circumvent the migration. 
Current contracts with McDonnell Douglas include looking at both 
possibilities. 

MESFETs with standard metal gates are doomed to failure at high 
temperature due to the small barrier height between GaAs and metal. 
Recent GaAs Schottky barrier research involves compound gates with 
larger barrier heights; such modifications appear well down the com- 
mercial road. With current metallization only samples with low room 
temperature transconductance were capable of circuit operation at high 
temperature. 

Future of GaAs 

Commercial rf GaAs devices were at best adequate in performance 
when tested up to 300OC. Current ohmic and Schottky barrier contacts 
will not allow continued operation above 3OOOC.  

rf GaAs devices has produced enough demand for GaAs to make available 
low impurity, low surface state density wafers; the first necessary 
step for any semiconductor design. 
also expanded21 leading to better ways of etching, metallizing, and 
passivating. 22 
in temperature operation by the barrier height being only 2/3 of the 

The growing volume of 

Device fabrication technology has 

For example, current Schottky barrier gates are limited L 



i 

c 

GaAs band gap, but the study of high electronegativity contacts may 
lead to usable, larger barriers. 
compatible oxide surface layer deposition will lead to insulated gate 
field effect devices. Lastly, higher temperature metallization, surface 
passivation, and larger spaced contact geometry will improve the basic 
McDonnell Douglas junction field effect device, enabling higher tempera- 
ture performance. 

ddi tion, investigations of 

Although the el tronic houses are not headed for high temperature, 
low frequency, solid-state devices, the general trends in GaAs material, 
fabrication, and design technology are-making such device development 
simpler, A small effort on design and metallization study over a few 
years should pr,epare the way for commercial prototype device runs. The 
high temperature possibility inherent in the large band gap of GaAs has 
not yet been tested. 

1 

e 
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CHAPTER 5 - BONDING 
Most attachment techniques used for hybrids which operate in 

standard temperature ranges are able to withstand 3OOOC without 
failure. In particular, active devices with aluminum 
present metallurgical problems when bonded into a Au based conductor 
circuit. Fortunately, some active device types are available with gold 
metallization (such as the beam leaded format of the silicon junction 
field effect transistor 2BT4856), but most devices are available only 
in aluminum metallized chip formats. Indeed, beam leaded devices were 
routinely thermocompression bonded to fritless gold thick films which 
were then successfully aged at 3OOOC. Unfortunately, gold wire could 
not be used to bond aluminum metallized chips because of well known 
Au-A1 interface reactions discovered in thin film hybrid investiga- 
tions . 24 Thus, A1 wire was used with three new techniques being 
investigated for the necessary bonding of the aluminum wire to the Au- 
based thick film: (1) aluminum wire ultrasonically bonded directly 
from the chip to a special gold thick film, (2) aluminum wire from the 
chip to a diffusion barrier pad which, in turn, was thermocompression 
bonded to the gold film, and (3) copper beams with gold plating and 
nickel bumps in a tape carrier format. 

A, DIRECT BONDING 

In response to aging degradation of A1-Au interfaces, several thick 
film manufacturers have produced modified Au thick films which inhibit 
the formation of Au-A1 intermetallics. 25 
materials was compared to three standard conductors in high temperature 
bond aging studies; the modified DuPont 9910 fritless Au was compared 
to Cermalloy fritless Au 4399, Cermalloy fritless Pt-Au 4121, and DuPont 
fritless Au 9791. All tests were made with a thick film dot test 
pattern (see Fig. 501, placing aluminum wires from pad to pad to form 
70 bonds in electrical series on each sample. Three mil A1 wire was 
used for the general survey and 1 mil A1 with 1% Si wire was used for 
the extensive test of DuPont 9910. 
300, and 35OOC with periodic resistance measurements being taken. Pull 
strength tests were performed before and after and in some cases during 
the aging. 
can be collated into three studies. 

One of these modified 

Air oven aging was performed at 250, 

Although many different test runs were performed, the results 
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F i g .  50.  Bonding dot test pattern. 70 bonds i n  e l e c t r i c a l  
series allow interface resistance measurement 
during aging. 

-- Comparison bonding 

4 A1 w i r e  ultra- 
sonic  bond 

by momentarily cool ing the substrat room temperature. A t  the end 
of the 1000-hour aging period pull’  s were performed with a l l  samples. 

ncrease with t i m e  (see 
s a l s o  dec 
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Fig. 51. Rates of bond resistance increase at 3OOOC vary enormously 
among thick film conductor compositions. Three mil pure 
aluminum wire was used for bonds. 

Test 2 ,  Temperature Effect on Agin9 -- The sensitivity of the bond 
degradation with temperature is illustrated by the results at 250, 300, 
and 35OOC in Figure 52. Comparing the aging of aluminum wire bonds to 
DuPont 9910 at 250 and 35OOC shows a 165 times faster resistance increase 
at the higher temperature. 

The simplest model for such bond degradation would be formation 
of a single intermetallic at the interface, rate limited by a dif- 
fusion process. 
a simple process is 

The standard diffusion coefficient equation for such 

D = A exp(-Ea/kT) , 

where A is called the frequency factor, and Ea is the activation energy. 
Both A and Ea can be considered temperature independent. 
highly resistive intermetallic is forming 165 times faster at 350 than 
25OoC, it is possible to use the above formula to derive the activation 
energy, Ea = 1.43 eV/atom. Looking at the data for the other Au thick 
films (4399,  97911, the same activation energy is found over at least 
the first 50 hours at temperature. However, the frequency factor A is 
much larger in the ordinary Au thick films than in the modified 9910. 

Since the 
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Fig. 52. R a t e  o f  bond r e s i s t a n c e  inc rease  i s  highly temperature 
dependent. Three m i l  pure aluminum w i r e  w a s  used f o r  bonds. 

Thus, t h e  same phys ica l  proces’s is leading t o  bond degradation i n  a l l  
t h e  A 1  wire--Au t h i c k  f i l m  systems. 
exhib i ted  an  a c t i v a t i o n  energy of only -18 e V  w i t h  an extremely s m a l l  
frequency factor. Thus, a d i f f e r e n t  degradat ion process  is involved 
i n  t h i s  system. These a c t i v a t i o n  energy values  are n o t  o u t  of l i n e  
with p a s t  work done with Au-A1 d i f f u s i o n  systems. 

However, t h e  Pt-Au 4 1 2 1  t h i c k  f i l m  

26 

T e s t  3, 1 m i l  A 1  W i r e  on 9910 -- A f t e r  t h e  first two tests had 
ind ica t ed  the r e l a t i v e  advantage of DuPont 9910 f o r  A 1  w i r e  bonding 
(see Fig. 511, a d d i t i o n a l  tests using l - m i l  w i r e  (99% A 1  - 1% S i )  w e r e  
performed. A Kulicke t Soffa  484 
make bonds t o  1 2  d o t  pa t te rned  substrates. A l l  bonds ere formed a t  
one s i t t i n g  t o  ensure consistency. 

asonic  bonder w a s  again used t o  

I n i t i a l  r e s i s t a n c e  readings were taken on a l l  samples, and one 
substrate had a l l  bonds pu l l ed  f o r  s t r e n g t h  measurements. The o t h e r  
samples w e r e  placed i n  a 30OOC a i r  oven. 
cooled t o  room temperature for r e s i s t a n c e  readings.  A t  each reading 
one of t h e  remaining samples w a s  pu l l - tes ted .  Figures  53 and 54 show 
t h e  r e s u l t s  of these  tests. The r e s i s t a n c e  growth w a s  approximately 
l i n e a r  with t i m e .  The engths showed a d e f i n i t e  minimum. One 
poss ib l e  i n t e r p r e t a t i o  ese r e s u l t s  would be (1) t h e  i n i t i a l  
decrease i n  p u l l  s t r e n  fjrom an anneal ing of t h e  A 1  w i r e  
which w a s  o r i g i n a l l y  highly co ld  worked, and (2 )  t h e  subsequent i nc rease  
i n  p u l l  s t r e n g t h  r e s u l t s  from t h e  mechanically s t ronge r  i n t e r m e t a l l i c  

Pe r iod ica l ly ’ the  samples w e r e  

I 

id reg ions  growing throughout’ the bonding region. The majori ty  of bond 
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D u Po nt 9910 

300 oc A 

Fig. 53.  Resistance increase with time of DuPont 9910 modified gold 
composition bonds with aluminum 1 mil wire (1% silicon added). 

1.0 ' DuPont 9910 

a 
A 

A 

300 oc 

A A 
A A 

TlME (loL HOURS) 

Fig. 54,  Pull strength of bonds during- 3OOOC aging. One mil 
aluminum wire (1% silicon added) was bonded to 
DuPont 9910 modified gold composition. 
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failures occurred a t  t h e  thinned hee l  of the  bond, t h e  hard sur face  of 
t h e  th i ck  f i l m  r e su l t ed  i n  more w i r e  deformation than occurs on evapor- 
a t ed  t h i n  f i l m  hybrids. 
were 6-8 g with a standard devia t ion  of 0.8 g. 
has proved r e l i a b l e  and adequate f o r  A 1  w i r e  bonding. 

Typically t h e  i n i t i a l  average bond s t r eng ths  
DuPont 9910 meta l l iza t ion  

Some general  conclusions can be made from t h i s  work. F i r s t ,  t he re  
e x i s t  l a r g e  d i f fus ion  rate d i f fe rences  between d i f f e r e n t  t h i ck  f i lms 
used i n  bonding even when they a l l  Lare mostly Au. Second, a l l  t h i ck  

ave hard sur faces  which cause excessive w i r e  deformation upon 
g causes i n i t i a l  loss i n  
, bond degradation rates 

ON 

Higher bond s t r eng ths  and slower bond degradation a r e  poss ib le  by 
p lac ing  a d i f fus ion  barrier pad between t h e  A 1  w i r e  and t h e  th i ck  f i l m .  

Figure 55 shows schematics of such pads that  w e r e  tested. 

d i f f e r e n t  materials could be used f o r  
a pad is a d i f fus ion  proof wafer with- on one s i d e  and A 1  on the other. 
I n  t h i s  way the Au can be thermocompression bonded t o  t h e  Au th i ck  f i l m  
and t h e  A 1  su r f ace  w i l l  accept  Al w i r e  bonds. Since t h e  wafer i tself  
blocks d i f f u s i o n  t h e r e  is no A1-Au i n t e r m e t a l l i c  problem. Nickel,  kovar, 
and s i l i c o n  have been used as d i f fus ion  barrier wafers. The m e t a l  w a f e r s  

Although many 

as dominant 
ere evaporated 

- onto  t h e  fo i  
b u f f e r  pads, 

and aluminum d i f fus ion  d i s t ances  are t h e  same. 
has t h e  adva 

This bond pad system 
* e ing  easi-ly f ab r i ca t ed  i n  any semicanductor shop. 

W 
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5 mils 

1 mil 

Au 

4 30 mils b 

A 1  

Au 

F i g ,  55. Schematics of d i f fus ion barrier pads. Gold 
and aluminum f i l m s  w e r e  evaporated onto pads. 

. 

, 
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It w a s  found t h a t  bonds could be d i r e c t l y  made t o  t h e  n i cke l  wafer 
without need of  t h e  A 1  f i lm.  This s impl i f i ed  pad f a b r i c a t i o n  bu t  
presented a harder  su r face  t o  t h e  w i r e .  Thus, s tandard A 1  w i r e  w a s  
excess ive ly  deformed. 
with only  0.5% e longat ion  could be used t o  be more compatible with t h e  

LJ 

A harder  w i r e ,  say a more highly cold worked w i r e ,  
1. 

I nicke l .  

T e s t s  -- The most exhaust ive tests t o  d a t e  have been performed on - 
t h e  Au-coated n i c k e l  disks .  The Au su r face  w a s  thermocompression bonded 
with a wobble bonder t o  t h e  s tandard do t  p a t t e r n  samples made of  fou r  
d i f f e r e n t  t h i c k  f i lms:  9910, 4121, 9791, and 4399. A 1  w i r e  loops w e r e  
formed between ad jacent  pads forming 70 bonds i n  electrical series. 
One sample of  each w a s  pu l l - t e s t ed  immediately and t h e  rest w e r e  aged a t  
250, 300, and 350°C with r egu la r  r e s i s t a n c e  monitoring and a f i n a l  bond 
p u l l  test  a f t e r  1000 hours of aging. Only a s l i g h t  ( 5 % )  bond r e s i s t a n c e  
change w a s  no t iced  during t h e  test. P u l l  s t r eng ths  decreased due t o  t h e  
anneal ing of t h e  A 1  w i r e .  
f i l m  wasmoticed,  nor any degradation a t  t h e  A1-Ni i n t e r f ace .  

No f a i l u r e  of adhesion between pad and t h i c k  

There are some obvious drawbacks t o  t h e  use of  d i f f u s i o n  b a r r i e r  
pads. F i r s t ,  more substrate area is  requi red  f o r  t h e  30-mil diameter 
pads than f o r  a simple bond: second, l abor  is requi red  t o  secure  t h e  
pads t o  t h e  substrate: t h i r d ,  t h e  number of bond i n t e r f a c e s  i s  doubled 
in t roducing  more chance of failures: four th ,  t h e  pads add expense t o  t h e  
c i r c u i t  ( 1 O C  a pad). However, t h e  complete lack  of  bond resistance 
degradat ion and r e t e n t i o n  of p u l l  s t r eng ths  mark d i f f u s i o n  b a r r i e r  pads 
as a high r e l i a b i l i t y ,  high temperature system. 

C,' TAPE CARRIER 

Tape carrier technology is a new tech ogy being introduced for 
easier mass production of microc i rcu i t s .  Usually t h e  carrier c o n s i s t s  
of  a t a p e  of p l a s t i c  f i l m  (not  un l ike  a movie reel) with many i d e n t i c a l  
sets o f  metal l eads  etched on it (see Figure 56) .  The ch ips  are a t tached  

t o  t h e  l eads  on t h e  f i lm ,  then t h e  f i l m  is pos i t ioned  over t h e  c i r c u i t ,  
and, last ,  a l l  t h e  ch ip  l eads  are fas tened  t o  t h e  c i r c u i t  breaking t h e  
ch ip  and leads o f f  t h e  p l a s t i c  f i l m  i n  one s tep .  . 
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Fig. 56. Microscopic views of high temperature tape carrier. 
(Top) Four copper beams are supported by polyimide 
tape. Each beam has a breakaway neck for final 
attachment to hybrid. (Bottom) Close view of 2-mil 
wide beams show nickel bumps used to bond to 
aluminum pads on silicon die. 
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Specia l  modified t ape  carriers w e r e  made f o r  high temperature 
bondingO2* 
bump being 2 m i l s  i n  diameter t o  f i t  wi th in  t h e  s tandard ch ip  bonding 
pad. 
t a te  t h e  bump-pad u l t  
gold p l a t ed  so 
t h i c k  fi lm. I n i t i a l  tests have prove gve not  revealed 

The copper beams w e r e  bumped with n i cke l  a t  the ends, each 

The bumps w e r e  then coated with a 2 um f i lm  of  aluminum t o  faci l i -  
on ic  bond. The reverse  s i d e  of the beam w a s  

af the beam could be 

i f  e t i m e  . 
D, Au-GE SOLDER 

Gold-Germanium e u t e c t i c  so lde r  (M.P. 356OC) een used t o  attach 
a c t i v e  device 
d i s c r e t e  comp hybrid substrates (rectifiers) . Success 
has been foun 

ns t o  p r i n t e d  c i r c u i t  boards and a l s o  s m a l l  

ow is create a h o t p l a t e  set s l i g h t l y  below the  f l o w  temperature 
and a s m a l l  t o r c  h o t  i r o n  t o  cause re 
I t  is  a l s o  pos o s o l e l y  use an i r o n  

ion a t  a t i m e .  
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CHAPTER 6 - PRESCREENING ACTIVE DEVICES 

Introduction 

Within a specific lot of a device type, there exists large 
electrical characteristic differences at elevated temperatures. Thus, 
the normal reasons for pret 
particular circuit are more imperative for high temperature circuitry. 
In circuit fabrication to date, four needs for prescreening have 
developed: (1) rejection of devices that have excessive temperature 
dependence, (2 )  tailoring of the hybrid to fit the exact device charac- 
teristics, (3) matching devices,and (4) eliminating infant mortality. 

ing a device before commitment to a 

The spread of characteristics due to temperature dependence can be 
large even within a given device lot. 
are greatly simplified by eliminating any device showing above average 
temperature change in characteristics by prescreening. 

Circuit design and calibration 

In most cases when a device is needed for a linear function, it is 
necessary to bias the device at its zero temperature coefficient point 
(see Figure 28, for example). Since the bias current or voltage to 
achieve this zero point differ significantly within a lot, each device 
must be characterized from 25 to 3OOOC and then the resistor biasing 
network in a particular hybrid must be custom trimmed for that particular 
device. 

A more exacting reason for pretesting devices was to find matched 
devices for inputs in a differential amplifier. Not only must the 
characteristics match at room temperature, but up to 3OOOC for all 
working biases. 

The most common prescreening motive in standard circuitry is to 
enhance reliability. In any lot of devices there are a few which are 
initially impaired, although this cannot be detected from standard 
characterization. For example, a die may have a crack in the passivation 
layer. 
corrosives can reach the active surface of the semiconductor: however, 
initial test would reveal no fault because no corrosion has occurred yet. 
However, a burn-in, operation under bias and perhaps elevated temperature, 
for a hundred hours will cause precipitous failure (infant mortality) for 
the defective parts. 
expected lifetime for the perfect devices (10,000-100,000 hours). 

Such a crack can severely shorten the operational lifetime since 

In contrast such a test will hardly shorten the 
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Three methods of prescreening have been investigated during this 
study; devic tachment to a ceramic chip carrier, segregation of the 
device withi e hybrid, an evice attachment to polyimide film chip 

bi 

x 

f prescreening devices 
the ceramic chip carrier. A small wafer of ceramic, perhaps 150 by 
150 mils, has a metallization pattern allowing device mounting and 
external lead connection (see Figure 57). In a typical use long gold 
ribbon was welded on the outer pads of the ceramic chips. 
then eutectically attached to each chip. Aluminum wires connected the 
device pads to eramic chip pads. The device-ceramic carrier unit 
was placed in en with the ribbon connected to binding posts. After 
characterizati the complete temperature range and high temperature 
aging the unit a circuit. The ceramic chip was attached to 
the hybrid sub 
solder. The chip must ha e use of-solder. The 
device is now electrical1 
ened gold ribbons to the co 

hybrid fabrication is 

One device was 

ith ceramic cement2’ or with gold-germanium 

cuit by welding the short- 
hybrid substrate. 

. ,  

, .  

: i  

. .  ~ 

. .  

W. Fig. 57. Ceramic chip carrier for die mounting 
and pretesting at high temperatures. 
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This pretesting method involves much attachment and fairly large 
substrate area compared to the device chip area; however, in its favor 
no devices other than the faulty need be wasted. That is, for any given 
device characteristics a hybrid can be tailored or a matching device can 
be found. A standard temperature version of this,method of device hand- 
ling has been around for at least 10 years (chip-in channels) and has 
been made highly reliable, 

Device Segregation 

To date in this project pretesting by device segregation has proved 
When the artwork for the conductor p the most convenient method. 

was made, the bonding pads for the active device were made large enough 
to accommodate a Au ribbon in addition to the aluminum wire from the die. 
In addition, these conductor pads were isolated from the rest of the 
circuit by breaks in the conductor which were ribbon bridged once the 
active device had been characterized at temperature. 

The testing procedure was straightforward: First, the active device 
was eutectically died down and the wire bonds were made. 
ribbon was connected between these pads and the oven testing terminal. 
Now characteristics were taken over the complete temperature range of 
interest and aging tests were accomplished. If the device was acceptable 
for this circuit function, the rest of the network on the circuit was 
adjusted (resistors trimmed for proper biasing) and bridging ribbons were 
used to connect the active device to the circuit. 

Next, gold 

Several points of practice were found useful. If MOS rather than 
JFETs were used, ribbon welds were made before the device die down. 
Otherwise the MOS device would be destroyed with the nearby current 
pulse of the parallel gap welder, 
connections were formed by thermocompression gold wire bonding. If a 
device did not have satisfactory high temperature behavior, it was 
scrubbed off and a new one replaced it. A large thick film patch 
(50 x 50 mils) was placed on the circuit to accommodate several different 
die without consuming all the Au thick film. .'One disadvantage of this 
approach was that devices ifying for the exact spot they were 
first located were wasted, er disadvantage w the need to make 
the circuit on bite-sized 
two critical active devic 

After the MOS was qualified, bridging 

< .  

ach piece had only one or 

Lr 
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Polyimide Tape Carriers 

To date the most promising but least tested system is the polyimide 
tape carrier system (see Figure 5 6 ) .  

have been introduced in commercial high volume production over the last 
5 years, but no predominant variation yet re s supreme, For operation 
at 'high temperature sev pecial considerations must exist: The tape 
material must age well 
the common aluminum pad 
tape was chosen and the 
gold on the region to b 
nickel bumps (2-mil dia d for bonding to 

forms of this technology 

e beam metallization must be compatible with 
the chips. 
dard copper leads were modified by plating 

For these reasons a polyimide 

the gold hybrid conductor and forming 

is directly bonded 

before bondi 
approaches. 

The advantage of this prescreening system is that it can also solve 
the bonding p reful choice of metallization. The penalty is 

g equipment and expertise. If the tape carrier 
system eventually settled on by industry has high temperature capability, 
then the availability and consequent lower cost of polyimide tape carriers 
should greatly simplify high temperature hybridization. 
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CONCLUS I ON 

Four active device types have been investigated for use in micro- 
(1) The most promising device has circuits operated from 25 to 300OC. 

been the silicon junction field effect transistor (JFET). Both n and 
p-channel types have functioned up to 325OC and have been used in circuits 
up to 30OOC. These devices show little aging during a 300OC 1000-hour 
test. Commercial JFETs perform closely to standard model predictions. 
These models indicate fabrication parameter changes which would lessen 
JFET temperature dependence. (2) Silicon insulated gate field effect 
transistors (MOSFET) function well up to 30OOC. Significant aging 
changes sometimes occur after about 100 hours at high temperatures, 
thereby limiting circuit use. Model comparisons indicate ,possible 
improvement in temperature stability. (3) Silicon bipolar devices 
experience eight orders of magnitude change in leakage current over the 
temperature range 25 to 300°C, thus making them impractical in most 

- circuit design. ( 4 )  GaAs devices have promise in theory. Existing 
MESFET and JFET types tested showed more temperature dependence and 
thermal aging than their silicon counterparts. 
device redesign rules were found: 
semiconductor would significantly reduce high temperature leakage, and, 
secondly, higher doping concentrations produce less behavior variation 
with temperature. 

Two high temperature 
First, elimination of gold in the 

Modification of commercial bonding procedures was necessary to 
attach active devices for high temperature operation. Special thick film 
conductor was used to allow ultrasonic aluminum wire bonds which would 
survive 3OOOC aging. In addition, diffusion barrier pads were developed 
to serve as the go-between from Au thick films to aluminum wire bonds. 
Beam leaded transistors were used where possible since their gold leads 
formed a high temperature bond with the thick film. 
showed promise for solving bonding and prescreening processes. 
devices were soldered on with Au/Ge eutectic solder. 

Tape carrier systems 
Discrete 

1 

Because of the large temperature range of operation active devices 
were pretested at high temperature. This pretest allowed elimination of 
infant mortality, rejection of extremely temperature dependent devices, 
tailoring of hybrids to specific chips, and matching of chips. Three 
systems were used to achieve pretesting at high temperatures: (1) ceramic 
chip carriers, (2) polyimide chip carriers, and (3) isolated pads on the 
hybrid itself. 

boards have been tested from 25 to 300OC. Life tests have been run from 
150 to 1000 hours with no active device failures or significant drift. 

To date several different hybrid microcircuits and printed circuit 

U 
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APPENDIX 
The following four programs model s i l i c o n  MOSFETs and JFETs. The 

program format serves Sandia's "NOS" system, and can be e a s i l y  adapted 
to any standard t i m e  sharing computer system. 

NMOS 
- 

0 0 0 0 5  REM CORRECTED VERSION 
00100 READ H ~ K ~ Q ~ ~ D ~ s M ~ P M ~ T D ~  
001 1 0  DATA 6.6262E-349 1.38062E-239 1.60219E-1? 
00120 DATA 1.0359~E-10~5.283545E-31r9.656134E-31 
00130 DATA 3.453132E-11 
00132 FOR X = l  TO 2 
00134 PRINT .I 

00136 I F  X = l  GO TO 00139 
001.37 PRINT "FOR THE DRAIN REGION:" 
00138 GO TO 00140 
00139 PRINT "FOR THE BULK CSUBSTRSTE) " 

00140 PRINT"ENTER THE DENSITY OF TRAPPING CENTERS PER CUBIC" 
00150 PR1NT"CEPTIMETERr TRAPPING CROSS SECTIUN F W  ELECTRONS" 
00160 PR1NT"AND TRAPPING CROSS SECTION FOR HOLES I N  SQURRE" 
00170 PRINT-CENTIMETERS~ A r m  THE HEIGHT OF THE TRAPPING" 
00180 PR1NT"LESEL ABOVE THE CENTER O F  THE GAP ( I N  EV)." 
00190 F= l  
00200 INPUT N4rX) y F i Z ~ X >  uR3CX3 r E l  (X) 
0021 0 N4 CY) =N4 CX) +E4 
0022 0 A 2  C X )  = A 2  <X) + 1 E-4 
0023 0 A 3  (X) = A 3  < X >  + 1 E-4 
00235 NEXT X 
00240 PRINT 
00250 PR1NT"ENTER THE ACCEPTOR CONCENTRATION I N  THE" 
00240 PR1NT"BULK AND THE DUNW CONCENTRATION FOR THE" 
00270 PRINT"DRP1N (PER CUBIC CENTIMETER). " 

00230 PRINT 
00300 PR1NT"ENTER TFE LENGTH AND UIDTH OF THE CHANNEL" 
00310 PRINT"1N MICRONS HND THE DXIDE THICKNESS I N  RNGSTROMS," 
00320 INPUT L1921 D2 
00330 PRINT 
0034 0 PR 1 NT"ENTER THE AREA OF THE DRAIN 4YJBSTPATE" 
0035 0 P R I  NT" JVtJCT I ON I N  SQC'ASE CENT I METERS. 'I 

00360 INPUT A 1  
' 00370 N2=N2+lE6 

00380 N3=N3+ 1 E d  
00390 L l = L l * l E - 6  
00400 Z=Z+lE-S 
00410 A l = P l + l E - 4  
0042 0 D2=D2+ 1 E- 1 0 

00440 PR1NT"ENTER THE METAL-SEMICON~UCTOR ~IJORK Fl-lN~TI[IN" 
00450 PRINT'IDIFFERENCE AT ROOM TEMPERATURE <EV) AND THE'' 
00460 PRINT"DENS1TY CIF SUSFACE STFlTE CHRRGE WJWBEP OF " 

00470 PR1NT"STATES PER SOUPRE CENTIMETER THRT CONTAIN CHARGE)." 
00480 INPUT P l 9 # 2  

, 00280 INPUT N29N3 

i 

I -00430 PRINT 

hd 00490 Q2=@2*C!141 DO00 
00500 T=300 
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00510 GUSUB 00430 
00520 RS=P 1 +S7+LOG I:N5/N 1 ) +P2 
00530 PRINT 
00540 PS1NT"ENTER THE STARTING AND ENDING TEMPERRTURES" 
00550 PR1NT"IN DEGREES CENTIGRADEr FDLLOIJEII BY THE" 
00560 PS1NT"TEMPESATURE INCREMENT TO BE USED. " 
0057'0 INPUT T1 r T2r T3 
00580 Tl=T1+2?3 
0059 0 T2=TZ+273 
00600 FOR T=T1 TO T i l  STEP T.3 
00610 GUSUB 00630 
00620 GOT0 0071-0 
00630 S?=K+Tj@l 
001540 E2=l .  12- (T-300> +2.4E-4 
00650 NS=12+ (2*:3.14159+Ml+K+T#H++2> 441.5 
0066 0 N6=2+ (243.14 159+M2+K+T./H++2> ++ 1.5 
00670 Nl=SQR <N5+N6> *EXP S-EZ, (c"+S7j j 
00650 P2=W*LOC < fNZ+S'QR Wi?*W+4+Nl*Nlr  > f S?+Ml> :> 
00690 P3=V?+LO'i < CN3+ZQ9 CN3+NP+44Nl +N 1 3  :} f i 2 4 N  1:) 1 
007 0 0 RETURN 
0071 0 lZ=Ii3#D2 
00720 V8=S+P2+ <E&> *SUR (Rl+@l*N2+PZ) 
00730 V6=3.!5746E17*N?+* <-. 71717) 
00740 M3=5.5'305E17+T+*1.5 
00750 M3=M:3/ (N?+LOG C <195006.3+T#N13+* <1/:3> '> **?+I> > 
00760 M3=1# i l f M 3 + 1 f  (2.104E5*T++ (-2.5) 3 
00770 M4=5.78678E17+T++1.5 
00730 M4=M4c' (N3+LOS < C195006.3+T#N3++ C1#3) :> ++2+1) 3 
00790 M 4 = l f ~ l i M 4 + 1 ~ ~ ~ . ~ 4 1 4 E ~ * T * + < - c " . 7 : > ' > >  
015800 REM FNR I S  THE CHPRGE ~JISTRIBUTIDN IN PARTICLES#CC 
00:310 DEF FNR C M  =0*X 
006.3 0 DEF FNE <><:I =Q 14FNA <>I:> 
00830 REM FNC<X> I S  THE INTECiRRNll 
00840 Y=0 
00850 DEF FNC: <X> =X+FNE: ('0 f D Z  
00860 FOQ X=0 TU D2-112.fl000 STEP DSf115015 
00870 Y= < (FNC CX) +FNC: C.X+D.3/1 000:> 1 3'2) +D2/1000 +)' 
00'350 NEXT :I: 
0089 P 1 =H~-W+LOG I:tiwr+ i :> -P? 
009 0Cl %)5=P 1 - 1 ~ 2 . ~ ~ - ' f f I ~  
00'31 0 V4=S@Q <3+K+Tf9.10955?f-31'> 
00920 I F  F=# GOT0 01000 
00930 PRINT 
00340 PR1NT"THE TURN Ut'# SDLTRGE AT"; T-Z73; "C IS"; %+VSi  "'u'" 
00950 PSINT"DRA1N BRERKROl.l.lN SrllLTA!SE=" i 04 
00960 PR1NT"ENTER THE LObJER RND UPPER L I M I T S  AND" 
00970 PRINT"THE STEP S I Z E  FOR THE W!TE ANU" 
0095 0 PR 1NT"DRR I N YOLTFIGES" 
00990 INPU,T 'd l  (1) r V 1 < 2 >  r $tlC3) 9 V 2  (1:) 9 S 2  <e:> )r Vi2 <:3i 
01000 FUR Y = l  TO 4 
01010 PRINT 
01020 NEXT X 
0 1 03 0 PR I N T " ++ ++ +++ 44 ++ + ++ + + ++ ++++ + " 
01 040 PRINT "TEMPERATURE=" : T-273: " C "  
01 050 PRINT"T1JRN ON SOLTRGE=",: V8+'& 
01060 PRINT 
01070 PRINT 
01 080 PRINT" VGS VDS IDS ++'I; 

01090 PRINT" VCS vns  IDS"  
01100 X l = l  
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01110 FOR V l = V l C l >  TO V l C 2 1  STEP V i  C3) 
01 120 FUR V2=V2 (1) TEI V 2  (21 STEP V 2  (3) 
01130 J=VZ 

01 150 Y1= CSQc! CDl+Ol+NZ> > /C 
01160 11=0 

a. 01170 I 2 = 0  
01180 I 3 = 0  
01190 REM STHPT LEAKE'AGE CURRENT8 

* 01200 I F  V2=0 GUT0 01400 

W 
01 14 0 V9=V 1 -V5 

c 

0121 0 bJ=SOF ( 2 4 D 1 4  CN?+N3j ~'(NZ+NB+t21> > 
01220 bJ=bI+SQk (V2+P2+P3> 
01 222 X < 1 1 =bJ/ CNZINS+ 1 > 
01224 X C2> =W-X (1) 
01226 FOP S = l  TO 2 
01230 I (2) = 021+N4 CS> > 4 CH3 (S.1 +Nl*H l )  4 CAE CS) +'rr44): (81 ) 
01240 I (2) =I CS) / GIHP CS> 
01242 NEXT S 
01244 I = I C l ) + I  (2) 
01250 I F  S2<:3*V7 GOTO 01290 
01260 I 2 = Q  14N 14N1 +A 1 +SOP CV7') 
01270 T4 (1) =1/ CH.3 (1) +V4*N4 (1 > 
01 272 T4 C2) = 1 / 033 (2> 4V44N4 C2> 1 
01280 I2=Ie* CSQP SM33 / ~N2+T@R. (T4 (1, S > +SOH CM4> ./ CY34St3? (T4 (z) > ) I 
01290 I F  V9>V8  GUT0 01310 
01300 COT0 01400 
01 3 1 0 V3=V9+*PE+K 1 +K 14 C 1 -SQP 
01320 I F  V2>V3  GOTO 01350 
01330 L?=L1 
01340 GOTO 01370 

p (E 1 ('2, /V7> (s> 4 

01350 L2=Ll-SQR S ~ + D I +  ~v2-v3>/  I:QI+N?S ) 
01360 S2=V:3 
01370 IZ=V2* CV9-2+p2-V2/2> 
01380 13~13-  (248QR C2> 4K1.4)  4 C (V2+24P2> 441.5- (e+p2> 441.5, 
01390 13=134Z+M34C+.45,q2 
01400 I 4 = I  1+12+13 
0141 0 V2=J 
01420 PRINT USING"::::. c", 01: 
01430 PRINT" I, . 
01440 PRINT USIN~"::::.::"s'v'?; 
01450 PRINT" .. . 
01460 PRINT USING 14; 
01470 PRINT" 44"; 

01480 I F  X1=1 GOTU 01520 
014510 PRINT" " 

01500 X l = l  
01.510 GUT0 01530 
01520 X1=2 
01530 NEXT V 2  
01540 NEXT V1 
01550 F=0 
01560 NEXT T 
01570 END 
READY . 
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PROGRAM NJFET i 
NJFET 

001 00 READ Hr K r  01- Dl I N1 I Mi? 
001 10  DATA 6.6262E-349 1.3S06 
00120 DATA 1.03594E-1095.28345E-3199.6561'34E-31 

00 14 0 PR I NT"CHANNEL AND THE ACCEPTOR CONCENTRAT I ON I N  THE" 
00150 PR1NT"GATE (PER CUBIC: CENTIMETER). '' 

3r 1.60219E-19 

. 00130 PR1NT"ENTER THE DONSR CONCENTRQTION I N  THE" 

t 00160 INPUT N l r N 2  
I 00170 I F  N2,=50+Nl GOTO 00,210 

00180 PR1NT"WARNING: THIS PROGRAM RSSCIMES A ONE-SIDED *' 
00190 PRINT"JUNCT1ON AT TYE GATE. " 

00200 GOTO 00130 
00210 PRINT 
00220 PPINT'IENTEP THE LENGTH9 WIDTH:, AND DEPTH <JUNCTION" 
00230 PRINT"T0 JUNCTION) OF THE CHANNEL I N  MICRONS. " 
00240 INPUT L l r Z 9 D 2  
00250 PRIYT 
00260 FRINT'IENTER THE STARTINIS AND EN11 ING TEtqPERATURES" 
00Z70 PR1NT"IN DEGREES CENTIBPADE:, FOLLOWED BY THE" 
00280 PR1NT"TEMPERATVRE INCREMENT TO BE IJSEIS. " 

00240 INPlJT T 1  I T2r T 3  
00300 PRINT 
00.31 0 PRINT"1NPUT THE SOURCE YND DFAIN RESISTANCES. " 

00320 INPUT R l r R 2  
00330 Nl=N1*1 E6 
00.340 N;I=NZ+1€6 
00350 L l = L l + l E - 5  
00360 Z=Z*lE-G ' L  

0037 0 DZ=D2+ 1 E-6 
00380 T 1  =T l+273 
00390 T2=T2+273 
00400 T=300 
00410 GOSUP 00590 
00420 R3=Rl*M3 
004 3 0 R4=R2+M3 
00440 C2=4*SQP <2+Dl/ <Ql+Nl>  1 <.3+D2> 
00450 C3=~14Nl+IS,2+n3/(~44D1) 
00460 PRINT 
00470 PR1NT"ENTER THE LOWER ANI3 UPPER L I M I T S  ANI3 " 

00480 PR1NT"THE STEP S I Z E  FOR TYE GFITE RND l t R ~ l ~ g *  
00490 PR1NT"VOLTASES IINCLIJDE THE SIGNS). " 

00500 INPUT V2cl3 9 V 2 C 2 )  rV2<3) r V 3 ( 1 )  r V 3 C 2 >  vV3<3> 
00520 FOR T=T1 TO T2 
00520 FOR Y=l TO 4 
400530 PRINT 
00540 NEXT X 
0 055 0 PR I N T " 4 + + + ++ *. 4 + + + 4 + + ++ + + + + " 
0055 0 PR 1NT"TEMPEPRTU 

005S0 E2=1.12- (T-3003 
00570 V?=K+T/#l 

5 00600 N6=2+(2+3.14159+M2+K+T/H++2) -1. 5 
00590 N5=12+ <2!+3.1415~*Wl*K*T~H+42> + + l .  5 

0061 0 N3=SBP fN5+N63 +EXP <-E2/ <2+V7) 3 
00620 Pl=VT*LOG <(Nl+SBR <Yl+Nl+4+W3+N3~ > / CZ*N3) 3 
00630 P2=VT+LaG < <N?+SQP (NP+N,2+4+N3+N2) 1 # C34N3)I 
00640 Vl=Pl+P2 
00550 VS=Vl-Ol+Nl+D2*D3 <8*D1> 
00660 PP1NT"TURN OFF VOLTAGE=";V9; '"4" LJ 



00670 GOSUB 00690 
00680 GOTO 00730 
00690 M3=5.!Y305E17+T*+1. 5 
00700 M3=M3~~Nl*LOG((19S0~~.3*T~~i**~l f3))**2+1)) 
0071 0 M3=1/  ( l / M 3 + 1 /  c2.104E5*T** ( -2.5) 1 )A 
00720 RETURN 
0073 @ Cl=Z*# 1 *M3+N1 *DE!s'L 1 
00740 Rl=R3/M3 
00750 P2=P4/M3 
00760 PRINT 
00770 PRINT 
00780 PRINT" VGS VDS IDS **'I; 

00790 PPXWT" VSS VDS IDS"  
00800 F=l  
00810 FOP V2=V2(1? TO V i l C 3  STEP V?<3> 
00820 I F  V Z W 9  GOTO 01220 
00830 I 3 = 0  
00830 REM IDSAT ITERATION 
00850 I 1 = 0  
00860 G=C2!+SQR Wl-V2+11+Rl)  -1 
00870 G=I l - C l *  < 6 + W l - v Z + I  l * R l >  +C?> 
00880 I F  ROF(G97)=0 GOTD 00920 
00890 S ~ 1 - C 1 * R 1 + ~ 1 . 5 + C 2 + S ~ 5 ~ ~ 1 - V ~ + 1 1 * ~ 1 ~ - 1 ~  
00300 Il=I l - G . 4  
00310 G9TO 00860 
00320 REM END XDSFtT ITEPATIUN WITH I D S P T = I l  
00430 FOP V 3 = V 3 { 1 ?  TO V 3 c 2 )  STEP V 3 { 3 >  

.I 

I I F  V3=0 GOTO 01030 0 094 0 
00350 
0096 0 
00970 
003:30 
00990 
01 000 
01010 
01 020 
01 030 
01 040 
01 05@ 
01 050 
01 070 
01 os0 
01 090 
01 100  
01110 
01 120  
01 1 3 0  
01 1 4 0  
01 150 
01 1 6 0  
01 170  
01 180  
01190 
O le00  
O lE lO  NEXT V2 

01230 END 
READY. 

' 0 1 2 2 0  NEXT T 
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PROGRAM PJFET 

001 00 
001 1 0  
00120 
00130 
00140 
00150 
00160 

PJFET 

READ Hr Kil 01 4 D l  9 Mi 4 M? - .  ..- 
DATA 6 . 6 2 ~ 2 E - 3 4 i l 1 . 3 S 0 € ~ 2 E - ~ 3 ~ 1 . 6 0 ~ 1 9 E - 1 9  
DATR 1.03594E-10p5.28345E-31*9.656134€-31 
PP1NT"ENTER THE ACCEPTOS CONCENTRATION I N  
P P I  NT"CHANNEL AND THE D O Y W  CONCENTRHTION 
PRINT"C4TE CPEP CUBIC CENTIMETER). " 

INPUT r i i m  

THE" 
I N  THE" 

00170 I F  N2>=50+N1 CUT0 00210 
00180 PRINT"WHRN1NG: 
00190 PRINT"JUNCTI0N RT THE SATE. " 

00200 GOTO 00130 
00210 PRINT 
00220 PS1NT"ENTER THE LENGTH- blIDTt4r AND DEFTY CJIJNCTION" 
00230 PRINT"T0 JtJNCTION> CIF THE CHWYEL I N  MICRONS. " 
00240 INPUT L l i l Z p D 2  
00250 PRINT 
00Z60 PR1NT"ENTER THE STARTIPG AND ENDING TEPlfERRTURES" 
00270 PRINT" I N  DEGREES CENTIGRADE* FOLLOWED BY THE" 
002E(0 PRJNT"TEMPERATl1PE INCREMENT TO EE USED. " 
00290 INPUT T17 T2r T3 
00300 PRINT 
00310 PR1NT"INPUT THE SOURCE RtJD DPAI 
003Z0 INPUT Rl i lRZ 
00330 N l = N l * l E 6  
0034 0 Y ~ = N Z *  1 ~6 

THIS PROGRAM ASSlJPlES A ONE-SIDED *' 

00390 L l = L l * l E - E I  
00360 Z=Z*lE-6 
00.370 D2=D2*iE-6 
00380 Tl=T1+273 
00390 T2=T2+273 
00400 T-300 
00410 GUSUE 00690 
00420 R3=Rl*M3 
00430 R4=R2+M3 

00450 c3=ai 4 ~ 1  4 ~ 2 4 ~ 2 /  <244r11 1 
00460 PRINT 
00470 PS1NT"ENTER THE LOVER RND UPPER L I h I T S  AND " 

00480 PR1NT"THE STEP S I Z E  FClR THE GATE AND I~F?AIN" 
00490 PR1NT"VOLTAGES (INCLUDE THE SIGNS). " 

00500 INPUT V 2  (11 r V 2  C2)il V 2  C33 r V 3  C1> 7 V3 (2) il V 3  (31 
00510 FOP T=T1 TO T2 STEP T3 
00520 FUR X=1. TO 4 
00930 PRINT 
00540 NEXT X 
0 055 0 P9 I NT " 4 4 4 4 4 4 4 4 44 4 4 4 4+ 4+ 4 44 4 '' 
00960 PRINT"TEMPERATUPE=" i T-273: 'IC" 
00570 V7=K*T/Q1 
00530 E2= l .  12- <T-300) 42.4E-4 
00590 Y5=12* C2+3.14159+Ml+K*T~H**2> 441.5 
00600 N6=2+ C243.141594M24K4T~H442~ 441.5 
0061 0 N3=SQ!? CNS*N6> *EXP <-€e/ <2+V7> 1 
00620 Pl=V?+LOC C CNl+SBR <Nl+Y1+4+N:3+N'3)~ / <2+N:3> r 
00630 P2=V?*LOG C cN2+SQFZ (N2+N2+4*N3*H:3 1 / <24N3> > 
00640 V l=P l+P2  
00650 V9=-V l  + O l  4Ni  *D24D2/ (#*D 1 > 
00660 PR1NT"TURN OFF VOLTAGE="; V 9 i  "'4'' 
00670 GOSUP 00690 
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