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(54)  Resistor  coated  on  diamond  substrate 

(57)  A  thin  film  resistance  layer  is  deposited  on  a 
diamond  substrate.  A  nickel-chromium-carbon 
alloy  with  improved  adhesion  of  the  metal  to  the 
diamond  substrate  and  a  desirably  low  tempera- 
ture  coefficient  of  resistance  is  created. 
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This  invention  relstes  to  a  metal  coated  diamond 
substrate  for  electronic  applications,  and  more  partic- 
ularly  to  coatings  on  said  diamond  substrate  for  use 
as  an  electrical  resistor. 

Diamond  is  of  high  interest  as  a  substrate  mate-  5 
rial  for  use  in  integrated  circuits  and  multi-chip  mod- 
ules.  This  is  particularly  true  of  synthetic  diamond 
prepared  by  chemical  vapor  deposition  (hereinafter 
"CVD  diamond");  i.e.,  by  activation  of  a  mixture  of 
gases  including  hydrogen  and  a  hydrocarbon  at  low  10 
pressure,  whereupon  diamond  is  deposited  on  a  sub- 
strate  surface.  By  reason  of  its  low  electrical  conduc- 
tivity  and  dielectric  constant,  as  well  as  its  high  ther- 
mal  conductivity  that  makes  it  useful  as  a  heat  sink 
material,  it  is  of  particular  interest  for  use  in  high  den-  15 
sity  interconnect  modules  and  circuits  containing  las- 
er  diodes,  where  the  circuit  elements  are  packed 
closely  together  and  heat  dissipation  is  essential. 

The  manufacture  of  such  modules  generally  re- 
quires  the  deposition  of  connecting  conductive  and/or  20 
resistive  metal  traces  on  the  diamond  surface.  Nick- 
el-chromium  alloys  are  of  particular  value  for  the  de- 
position  of  traces  of  controlled  resistance,  chiefly  by 
reason  of  their  stability  as  well  as  the  relatively  low 
cost  of  both  metals.  25 

Resistors  comprising  patterned  thin  films  of  nick- 
el-chromium  alloy  on  a  ceramic  substrate  have  been 
in  use  for  many  years.  A  problem  with  such  resistors 
that  has  been  encountered  and  solved  is  that  such  al- 
loys  have  a  high  temperature  coefficient  of  resistance  30 
(hereinafter  sometimes  "TCR");  that  is,  their  resis- 
tance  changes  substantially  with  changes  in  temper- 
ature.  Since  resistors  with  specific  resistance  levels 
are  typically  produced  by  varying  the  dimensions  of 
a  conductive  trace  of  known  resistivity,  it  has  been  35 
necessary  to  lower  the  TCR  of  the  nickel-chromium 
alloy,  typically  to  values  of  at  most  about  5  ppm/°K. 
This  is  typically  done  in  the  case  of  materials  employ- 
ing  ceramic  substrates  by  incorporating  elements 
such  as  oxygen  or  aluminum  in  the  metal  coating.  40 

Afurther  problem  with  nickel-chromium  coatings 
on  diamond  is  that  adhesion  to  the  substrate  is  gen- 
erally  poor.  An  adhesion  of  about  140-350  kg/cm2  is 
generally  required  for  electronics  applications,  and 
must  survive  high  temperature  processing  operations  45 
performed  in  the  creation  of  integrated  circuits  and 
the  like. 

Adhesion  to  diamond  of  many  metals  that  readily 
form  carbides  can  be  improved  by  heat  treatment  at 
temperatures  as  high  as  900-1  000°C,  often  in  a  re-  50 
ducing  atmosphere,  which  apparently  causes  the  for- 
mation  of  a  carbide  bond  coating.  Chromium  forms 
carbide;  in  fact,  it  can  form  three  different  carbides. 
However,  the  carbide  preferentially  formed  under  the 
aforementioned  heat  treatment  conditions  can  be  55 
brittle  and  incapable  of  producing  an  adequate  bond 
coating.  Moreover,  heating  under  such  conditions  in 
the  presence  of  a  large  proportion  of  a  ferrous  metal 

such  as  nickel  can  cause  graphitization  of  the  dia- 
mond,  as  well  as  loss  of  any  oxygen  or  aluminum  in- 
troduced  to  control  the  TCR.  Thus,  the  use  of  such  al- 
loys  in  combination  with  diamond  substrates  has 
heretofore  been  unsuccessful. 

Tantalum  nitride  is  also  commonly  used  as  a  thin 
film  resistor.  It  can  be  formed  with  a  well  controlled 
TCR,  but  only  after  passivation  in  air  at  temperatures 
in  the  range  of  300-400°C.  In  attempts  to  use  tanta- 
lum  nitride  in  combination  with  diamond  substrates, 
the  passivation  operation  can  convert  the  tantalum 
nitride  (or  tantalum  carbide  bond  layer  in  contact  with 
the  diamond)  to  tantalum  oxide,  decreasing  adhesion 
to  the  diamond. 

Therefore,  it  would  be  desirable  to  create  an  im- 
proved  metal  layer,  for  example  an  alloy  coating  com- 
prising  nickel  and  chromium,  on  a  diamond  substrate. 
It  would  further  be  desirable  to  produce  such  coatings 
in  the  form  of  conductive  metal  traces  suitable  for  the 
fabrication  of  thin  film  resistors.  These  goals  are  ach- 
ieved  by  the  present  invention,  namely  a  resistance 
element  comprising  : 

a)  a  diamond  substrate;  and 
b)  a  resistance  layer  comprising  a  deposited  met- 
al  layer,  which  adheres  to  said  diamond  sub- 
strate,  with  carbon  diffused  into  said  metal  layer, 

wherein  the  resistance  layer  exhibits  a  temper- 
ature  coefficient  of  resistance  of  less  than  1  0  ppm/°K 
and  adhesion  to  said  diamond  substrate  of  greater 
than  700  kg/cm2. 

Any  diamond  surface,  single  crystal  or  polycrys- 
talline,  may  be  coated  with  the  resistance  layer  of  this 
invention.  However,  it  is  most  useful  with  polycrystal- 
line  diamond,  and  especially  with  CVD  diamond.  The 
CVD  diamond  may  remain  on  the  substrate  on  which 
it  is  deposited,  but  is  more  often  removed  therefrom 
as  a  sheet,  which  may  be  cut  into  units  of  the  desired 
size  and  shape  for  use  in  integrated  circuits. 

Typically,  the  electrical  surface  resistance  of  un- 
contaminated  diamond  is  greater  than  1  5  MQ/mm  and 
its  resistivity  is  on  the  order  of  1013  Q-cm.  However, 
surface  resistance  may  decrease  substantially  if  the 
diamond  is  contaminated  with  other  materials.  More- 
over,  adhesion  of  metal  traces  thereto  may  be  poor  if 
there  is  carbon  in  graphitic  form  on  the  surface  of  the 
diamond.  Therefore,  it  is  advisable  to  thoroughly  re- 
move  graphite  and  other  contaminants  prior  to  depos- 
iting  the  metal  layer  of  the  invention.  This  may  be  ach- 
ieved  by  contacting  the  diamond  at  relatively  high 
temperature  with  various  strong  acid  mixtures.  Con- 
tact  with  a  boiling  hydrochloric-hydrofluoric-nitric  acid 
mixture  to  remove  traces  of  metal,  and  with  a  boiling 
sulfuric-nitric  acid  mixture  to-  remove  graphite,  is 
conventional.  Following  cleaning,  the  diamond  sur- 
face  may  be  treated  to  promote  adhesion  of  the  metal 
layer,  as  by  sputter  etching  or  other  plasma  cleaning 
techniques. 

The  nickel-chromium  alloys  deposited  to  produce 
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embodiments  of  the  invention  generally  comrise 
about  60-90%  (by  weight)  nickel,  with  the  balance  be- 
ing  chromium.  The  preferred  alloys  comprise  about 
75-85%  nickel,  with  80%  being  most  preferred. 

The  nickel-chromium  alloy  may  be  deposited  by 
conventional  techniques.  Sputtering  is  often  prefer- 
red.  The  thickness  of  the  alloy  layer  is  typically  about 
100-5000  and  preferably  about  1000-5000  A. 

It  is  generally  preferred  to  pattern  the  alloy  coat- 
ing,  either  simultaneously  with  the  coating  operation 
or  subsequently.  Simultaneous  patterning  by  simple 
masking  is  generally  employed. 

Following  deposition  and  (optionally)  patterning 
of  the  alloy  coating,  the  substrate  containing  said 
coating  is  heated  in  a  non-oxidizing,  non-nitride-form- 
ing  atmosphere.  Said  atmosphere  preferably  con- 
tains  at  least  one  reducing  gas,  most  often  hydrogen, 
typically  in  the  amount  of  up  to  about  10%  by  weight 
of  total  gases.  Inert  gases  may  be  employed  alone  or 
in  combination  with  said  reducing  gas.  Illustrative  in- 
ert  gases  are  the  noble  gases  helium,  argon,  neon 
and  xenon,  with  argon  generally  being  preferred  by 
reason  of  its  availability  and  relatively  low  cost.  Nitro- 
gen  must  be  avoided  since  it  will  readily  form  nitrides 
with  one  or  more  of  the  metals  under  the  conditions 
of  heat  treatment. 

The  temperature  of  the  heat  treatment  is  also  crit- 
ical  for  this  embodiment.  It  must  be  in  the  range  of 
about  750-900°C,  preferably  about  750-850°C  and 
most  desirably  about  800°C.  Employment  of  temper- 
atures  lower  than  about  750°C  is  ineffective,  while  at 
temperatures  above  about  900°C  the  nickel  in  the  al- 
loy  can  catalyze  graphitization  of  the  diamond  sur- 
face,  rendering  it  in  part  conductive  and  thus  detract- 
ing  from  its  effectiveness  as  a  dielectric  material. 

The  reasons  for  the  effectiveness  of  heat  treat- 
ment  under  the  conditions  of  the  present  invention  are 
not  known  with  certainty.  It  has  been  found,  however, 
that  said  heat  treatment  causes  diffusion  of  carbon 
from  the  substrate  into  the  metal  alloy  layer  and  of 
chromium  toward  the  substrate,  forming  a  nickel- 
chromium-carbon  layer  that  bonds  well  to  the  sub- 
strate.  It  is  also  believed  that  chromium  carbide  for- 
mation  and  carbon  dissolution  in  nickel,  result  in  cre- 
ation  of  a  material  having  a  low  TCR. 

An  embodiment  of  the  invention  is  illustrated  by 
a  procedure  in  which  highly  polished  CVD  diamond 
samples,  about  12  mm  square  and  250  microns  thick, 
were  cleaned  for  12  hours  in  a  boiling  mixture  of  equal 
volumes  of  hydrochloric,  hydrofluoric  and  nitric  acids 
to  remove  metal  contaminants,  and  then  for  4  hours 
in  a  boiling  mixture  of  4  volumes  of  sulfuric  acid  and 
1  volume  of  nitric  acid  to  remove  graphitic  carbon  and 
other  materials,  from  the  surface.  The  surface  resis- 
tance  of  each  sample  was  determined  after  cleaning 
to  be  greater  than  15  MQ/mm,  the  upper  limit  of  the 
resistance  meter  employed. 

The  surfaces  of  the  samples  were  sputter  etched 

for  6  minutes,  after  which  a  3000  A  layer  (as  deter- 
mined  by  weight  gain  and  surface  profilometry)  of 
nickel-chromium  alloy  (80%  nickel,  20%  chromium) 
was  sputtered  onto  the  surface  using  a  DC  magne- 

5  tron  at  1  00  watts  and  a  pressure  of  8  millitorr  of  argon. 
Patterned  sputtering  was  achieved  using  a  Mylar 
polyester  mask,  to  produce  metal  strips  about  3.2  mm 
wide.  As  deposited,  the  nickel-chromium  layer  had  an 
adhesion  varying  from  about  7  to  about  175  kg/cm2 

10  and  a  resistivity  of  about  1.2  x  10"4  ohm-cm.  In  many 
instances,  the  metal  deposit  would  spall  off  the  sur- 
face  upon  heating  to  150-200°C. 

The  metallized  substrates  were  heat  treated  at 
800°Cfor  1  hour  in  contact  with  a  gas  mixture  consist- 

15  ing  of  5%  (by  weight)  hydrogen  and  95%  argon, 
whereupon  the  adhesion  increased  to  greater  than 
700  kg/cm2.  At  the  same  time,  the  resistivity  dropped 
to  6.6  x  10"5  ohm-cm.  Auger  analysis  of  the  samples 
showed  that  carbon  had  diffused  into  the  nickel-chro- 

20  mium  alloy  and  that  chromium  had  diffused  toward 
the  metal-diamond  interface,  creating  conditions  con- 
ducive  to  formation  of  a  chromium  carbide  bond  layer. 

The  samples  were  heated  in  air  at  200-500°C  for 
various  periods  to  measure  the  thermal  stability  of  the 

25  metal  layer.  The  resistance  of  each  sample  was 
measured  while  the  sample  was  at  the  elevated  tem- 
perature.  Those  which  had  been  heat-treated 
showed  no  loss  in  adhesion  or  change  in  resistivity  af- 
ter  exposures  to  450°C  temperatures  for  periods  up 

30  to  4  hours.  At  500°C,  an  increase  in  resistivity  was  ob- 
served  after  1  hour,  which  was  shown  by  Auger  ana- 
lysis  to  be  due  to  oxidation  and  loss  of  carbon  from 
the  alloy  layer. 

35 
Claims 

1  .  A  resistance  element  comprising: 
a)  a  diamond  substrate;  and 

40  b)  a  resistance  layer  comprising  a  deposited 
metal  layer,  which  adheres  to  said  diamond 
substrate,  with  carbon  diffused  into  said  met- 
al  layer, 

wherein  the  resistance  layer  exhibits  a 
45  temperature  coefficient  of  resistance  of  less  than 

10  ppm/°K  and  adhesion  to  said  diamond  sub- 
strate  of  greater  than  700  kg/cm2. 

2.  A  resistance  element  according  to  claim  1  where- 
50  in  said  metal  layer  comprises  about  60-90%  by 

weight  nickel  and  the  balance  chromium. 

3.  A  resistance  element  according  to  claim  1  where- 
in  said  metal  layer  is  patterned. 

55 
4.  A  resistance  element  according  to  claim  1  where- 

in  said  diamond  substrate  comprises  polycrystal- 
line  diamond. 

3 
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A  resistance  element  according  to  claim  1  where- 
in  said  diamond  substrate  comprises  chemical 
vapor  deposited  diamond. 
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