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LOW-TEMPERATURE  SOLID-STATE PHASE  TRANSFORMATIONS 

IN 2H SILICON  CARBIDE 

by  Herber t  A. W i l l   a n d  J. Anthony  Powel l  

Lewis  Research  Center 

SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Silicon  carbide is a wide  band  gap  semiconductor  with  much  potential  for  high- 

temperature  application.  Because of high  strength  in  whisker  form  and  excellent  chemi- 
cal  stabil ity,  it is also a potential  fiber-reinforcement  material. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA serious  problem  with 
this  compound is that it forms  many  crystal l ine  structures,  some of which are unstable. 
Recently, it was  reported  that  the  pure  hexagonal  form, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2H Sic,  transforms  to  the  cubic 
form, 3C Sic,  above 1400' C  by a solid-state  process. 

crystals  with  dislocations  will  transform at temperatures as low as 400' C.  Both  optical 
and  X-ray  techniques  were  used  to  observe  the  results of solid-state  phase  transforma- 
tions  in 2H Sic  single  crystals  that  had  been  heated  to  temperatures  in  the  range 400' to 
1800' C.  The  structure  after  transformation  was  either  one-dimensional  disorder  along 
the  crystal  c-direction or  a faulted  cubic o r  6H structure.  The  rate of transformation, 
besides  being  dependent  on  dislocations, is also  dependent on time  and  temperature. 
The transformation  takes  place  by  means of a slip  process  perpendicular zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the c-axis. 

The  report  also  shows  that  cubic  Sic  underdoes a solid-state  phase  transformation 
at temperatures  above 1400' C. Under  the  same  conditions  the 4H and 6H crystall ine 
forms of S i c  do  not  show  any  evidence of a transformation. 

This  report  shows  that 2H S i c  is unstable  at  much  lower  temperatures  and  that 2H 

INTRODUCTION 

Silicon  carbide is a refractory  compound  with  much  promise fo r  certain  electronic 
and  structural  applications. Its wide  energy  bandgap and high  mobility  should  make it a 
useful  high-temperature  semiconductor (refs. 1 and 2). Because of high  strength  in 
whisker  form  and  excellent  chemical  stability, it may  find  use  in  fiber-reinforced  mate- 
rials (ref. 3). A serious  problem  which  has  been  encountered is that   Sic  forms  many 



crystall ine  structures,  some of which are unstable. 

Since  polymorphism  in Sic is one-dimensional,  the  various  crystalline  forms are 
called  polytypes (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). These  polytypes are built  up by the  stacking of hexagonal 

close-packed  layers  with  the  stacking  sequence  in  the [OOOl  J direction  (also  called  the 

c-axis).  Because of the  close-packed  stacking  there are only three  possible  positions 
fo r  a layer,  and  these are arbitrari ly  cal led A, B, and  C.  Polytype  structures are usu- 

ally  designated  by a number  followed  by a letter. In the  designation 2H, 3C, 15R, etc. 

the  number refers to  the  number of layers  in  the  unit  cell.  The letters H, C,  and  R 

refer to the type of lattice  (hexagonal,  cubic, o r  rhombohedral).  The  stacking  sequence 

can  vary  from a pure  hexagonal (2H structure)  to a pure  cubic  (3C or  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/3) structure.  The 

2H structure  has  an ABAB . . . stacking  sequence,  and  the 3C structure  has  an 

ABCABC. . , stacking sequence. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA mixture of these  stacking  sequences  gives rise to a 
large  number of other  polytypes.  The  most  common  polytype  (6H)  has  an ABCACB. . . 
stacking  sequence.  Frequently  the  stacking  sequence  will  vary  in a single  crystal re- 
sulting  in  distinct  layers of different  polytypes. In some  cases  the  stacking  sequence is 
random  for  some  distance  along  the  c-axis so  that  there is one-dimensional  disorder 

(ref. 5). 
There has been no satisfactory  explanation  for  the  formation of the  various  Sic poly- 

types.  There  have  been  indications  that  impurities  play a role  in  the  formation of the 

polytypes (ref. 6).  Most  polytypes are grown  by a vapor  (Lely)  process  in  the  tempera- 
ture  range 2300' to 2700' C (refs. 7  and 8). The 2H polytype  has  only  been  grown  by a 
chemical  reduction  process  at  about 1400' C (refs. 9 to  12).  Cubic Sic  has  been  grown 

over  the  temperature range 1200' to 2500' C  by a variety of techniques (refs. 11 and 

13  to 15). 
The  question of the  relative  stability of the  various  Sic  polytypes  has  not  been  com- 

pletely  answered.  However,  recent  observations of phase  transformations  in  Sic  have 

provided  some  answers.  Krishna,  Marshall,  and  Ryan (refs. 16  and  17)  reported  that 

needle-shaped  single  crystals  (up  to  1-mm  diam. ) of  2H Sic  convert  to  the 3C structure 

above 1400' C  by  means of a solid-state  transformation. When heated  to  temperatures 

above 2200' C,  the  crystals  further  transformed  to a heavily  faulted 6H structure. 

These  authors  suggested  that  the 3C structure  was the stable  modification  in  the  temper- 

ature  range 1400' to 1800' C.  Bootsma  et al. (ref. 18)  observed  phase  transformations 

in  the 2H, 3C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4H, and 15R polytypes.  Their 2H crystals  were  in  the  form of thin 
whiskers 1 to 2 micrometers  in  diameter,  and  these  transformed  to  small  platelets  with 

the 3C structure  in  the  temperature  range 1500' to 1700° C. When heated  further  to  the 
temperature  range 1800' to 2400' C,  the  platelets  transformed  to  the 6H structure. In 

both  steps, 2H - 3C and 3C - 6H, the  transformation  was  by  means of a regrowth  pro- 

cess;  material  was  transported by surface  diffusion.  At  temperatures  above 2000' C 

the  other  polytypes,  4H  and  15R,  transformed  to  the 6H structure. This was  also a re- 

growth  process  rather  than a solid-state  transformation. 
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I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhexagonal  to  cubic Sic  transformation  has  been  found to occur  in  nitrogen at high 

pressures  and  temperatures  around 2500' C  (ref.  14). It is not  clear  whether or not 
this was a solid-state  transformation. 

This  report is a result of an  effort at the  Lewis  Research  Center  to  develop high- 
temperature  semiconductor  devices.  Initially 2H Sic  appeared  to be a promising  mate- 
rial for this purpose  (ref. 19).  However,  after  growing  and  evaluating 2H Sic  crystals,  
they  were  found  to  be  unstable  above 400' C.  Thus, 2H S ic  is unsuitable as a high- 
temperature  semiconductor  and  possibly  unsuitable as a reinforcing  fiber  in  composite 

materials. 
Both  optical  and  X-ray  techniques  were  used  to  observe  the  results of solid-state 

phase  transformations  in 2H S ic  single crystals.  These  crystals had  been  heated  to 
temperatures  ranging  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400' to 1800' C.  Solid-state  phase  transformations  were 
observed  to  take  place  in  cubic  Sic  above 1400' C.  The  optical  property of birefringence 
was a very  sensitive  method  for  detecting  structural  changes  in  Sic  crystals.  Interfer- 
ence  microscopy w a s  used  to  observe  deformation of the  crystals.  X-ray  diffraction 
showed  the  gross  structure  changes  which  occurred. 

EXPERIMENTAL PROCEDURE 

The 2H silicon  carbide  crystals  used  in  this  investigation  were  grown by the  chemi- 
cal  reduction of methyltrichlorosilane at 1400' C (ref.  19)  and  were  similar  to  those 
described  by Krishna, Marshall,  and  Ryan  (ref.  17).  The  crystals  grew  in  the  shape of 
tapered  needles  up  to 3 mill imeters long and  had  hexagonal cross  sect ions up to 
0.5  mill imeter  in  diameter.  The  c-axis was along  the axis of the  needles. 

A ball-shaped  deposit of polycrystalline  cubic  silicon  carbide w a s  frequently  found 
attached  to  the  pointed  end of the  needles.  Near  the  base of the  needle  there  often  were 
thin  regions  (perpendicular  to the needle axis) where  the  structure was a mixture of 
highly disordered  cubic  and 2H sil icon  carbide.  Similar  disordered  regions  occurred 
less  frequently  near  the  small end of the  needle.  The  major  portion of each  crystal  was 
clear  and  colorless,  The  highly  disordered  regions  and  the  ball-shaped  deposits were 
yellow. 

The  transformation  in  the 2H Sic  crystals  were  studied  with  the  crystals  fabricated 
into  thin  wedges or  in  the  as-grown  condition.  The  condition  in  which  they  were  broken 
from  the  growth  susceptor  will  be  called  the  as-grown  condition.  The  thin  wedges  were 
fabricated so that changes  in  the  birefringence  could  easily  be  measured.  As  will  be 
shown later,  the  process of making  the  wedges  apparently  changed  the  transformation 
behavior of the  crystals.  The  wedges  were  made  by  grinding  with  diamond  paste  against 
a glass  plate  with the resulting  wedge angle varying  from 5.7' to 8.8'. The  orientation 
and  shape of the  resulting  wedge is shown  in  figure 1. The 2H S i c  wedges  in  this  report 
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Figure 1. - 2H silicon  carbide wedge. 

are   the   same as those  for which  index of refract ion  measurements  were  reported  in ref- 

erence 20. Wedges were  also  prepared  f rom zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo cubic Sic  crystals  and a Sic  crysta l  

containing  both 4H and 6H regions. 

were all performed  in a vacuum. For heat  cycles up to 1000° C a small   resistance 

heater  was  used.  The  crystals  were  contained  in a graphite  crucible  with a Chromel- 

Alumel  thermocouple at the  base  to  measure  the  temperature. For heating  above  1000°C 

a graphite  crucible  containing  the  crystals  was  placed  in a graphite  split-tube  resistance 
heater. In this  case  an  optical  pyrometer  sighting  on  the  inside of the  crucible  was  used 
to  measure  the  temperature.   The  est imated  error  in  the  temperature  measurements is 
less  than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*20° C. 

All of these  crystals  were  put  through  various  heat  cycles.  The  heating  experiments 

The  techniques  used  to  measure  the  effect of heating  the  Sic  samples  to  various  tem- 

peratures  included  X-ray  diffraction  and  optical,  interference,  and  scanning  electron 

microscopy. 
The  X-ray  technique  used  to  examine  the  structure of the  crystals was  the  rotating 

crysta l  method.  Rotation  was  about  the  c-axis of the  crystal.  The  incident  radiation 

was  CuKa  with a nickel  filter  to  reduce  the KP intensity.  The  film  cassette  radius 

was 3 centimeters,  and  the  beam  collimator  diameter  was  0.28  millimeter.  This  pro- 

4 



duced a beam  diameter  considerably  smaller  than  the  crystals,  thereby  allowing  sections 
of a crystal  to be examined  separately.  The  interpretation of the  X-ray  rotation  photo- 
graphs is discussed in appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. The  information  needed  to  determine  the  particular 
polytype  and  to  detect  the  presence of stacking  disorder is essentially  contained  in  the 
row of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(10- I) diffraction  spots  on  the  X-ray  photograph.  Therefore,  only  the (10- I) row 
wi l l  be  given  in  this  report  to  i l lustrate  the  structure of the  crystals. 

Birefringence  observations  were  also  used  to  detect  the  structural  changes  in  the 
crystals.  The  technique  was as follows: A wedge  was  placed  between  crossed  polarizing 
filters and  illuminated  with  monochromatic  light (X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 633 nm  with a bandwidth of 1.0 nm). 
Because of the  varying  thickness of the  wedge,  interference  fringes  formed  that  were 
parallel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the  intersection of the  wedge  faces.  Similar  interference  fringes  were ob- 
served  for  the  as-grown  crystals  since  they  also  have  reasonably f l a t  natural faces  and 
are  tapered. A list of the  heat  cycles  for  the  various  samples is given  in  tables I to III. 

EXPERIMENTAL RESULTS 

Transformat ion of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWedges 

The first change  in  the 2H Sic  wedges  which was  observed after heating  was  their 
physical  appearance. As the 2 H  wedges  were  heated  to  successively  higher  tempera- 
tures  or  for  longer  periods of t ime at  a given  temperature, a twist  about  the  c-axis 
gradually  developed.  Also,  ridges  approximately  perpendicular  to  the  c-axis  developed 
on  the  polished  faces. 

The  twist  that  developed  in  wedge 79-3 is shown  in  figure 2. These  photos  were 
taken with a scanning  electron  microscope  operating  in  the  secondary  electron  mode. 
The  viewing  direction is approximately  along  the  c-axis so that  the  twist  can  be  clearly 
seen.  Figure  3  shows a ser ies  of photos of one of the  polished  surfaces  taken  with a 
noncontacting  interference  microscope.  Because of the  twist,  the  number of fringes 
counted  along a direction  perpendicular  to  the  c-axis  varies  along  the  length of the  wedge. 
The  twist  can  be  calculated  from  the  change  in  the  number of fringes along  the  length of 

the  wedge  and  the  wavelength of the  light. In wedge 79-3 a change  began a t  300' C o r  be- 
low (fig.  3(b)).  At 600' C  (fig.  3(d))  the  twist  increased  to a maximum of 12' per  mil l i- 
meter,  and  at 1000° C  (fig.  3(e))  the  twist  decreased  to 6.4' per  mil l imeter. 

X-ray  diffraction  was  used  to  determine  the  structure of the  crystal  latt ice.  The 
results  for wedge 79-3 are shown  in  figure 4. The  before-heating  X-ray  pattern  (fig. 
4(a)),  which  was  taken after the  crystal  had been  fabricated  into a wedge,  shows  by  the 
lack of streaking  along  the (10- 1) row  and  the  well-defined  diffraction  spots that there 
was  very  little  stacking  disorder. After heating  to 450' C (fig.  4(b)),  the  well-defined 
diffraction  spots  smeared  out  indicating a change  to a more  disordered  structure. As 
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Before  heating, 

After 800' C heat  treatment;  note  the  twist  that developed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon heating. 

Figure 2. - Scanning  electron  microscope  photograph  (secondary  electron model of wedge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79-3. 
These  views  are  sighting  down  along the c-axis. 
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la)  Before  heating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( h  = 

592 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnrnl. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b)  After  heating  to 300” zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C for 1 h o u r  ( A  = 592 
nm1. 

(c) After  heating  to 450‘ 
C for 1 h o u r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIh = 592 
n m ) .  

Id)  After  heating  to 600” 
C for 1 h o u r  ( h  = 633 
nm). 

(el After  heating  to 
1000‘ C for I h o u r  
( h  = 633 nrn). 

Figure 3. - Interference  photographs  (reflected  light1 of  polished  surface of wedge 79-3. (Small   end of crystal  is at  top  of  photo- 
graphs. I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
? a -  0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
II 

!' 

I ". - . " . . " . , 

I 
1 cm I 

(a)  Before  heating. (b) After  heating  to 450" C for 1 (c)  After  heating to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800" C for 1 (d)  After  heating to 1200" C for 
hour.   hour.  24 hours.  

Figure 4. - The  lo..^?) row of c-axis  X-ray  rotation  pattern  for 2H wedge 79-3. Copper Ka radiation:  camera  radius, 3 centimeters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the  crystal  was  heated  to  higher  temperatures  (f igs.  4(c)  and  (d))  the  streaking  along  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(10- 4) row  fanned  out.  Many  different  orientations of the  wedge  with  respect  to  the 

X-ray  camera  rotation axis were  tried  to  insure that the  fanning  out of the  diffraction 

streaks was not caused  by  misalinement of the  wedge.  The  conclusion  was  reached  that 

the  c-axis  direction  varied  throughout  the  crystal. 
Changes  in  the  birefringence of wedge 79-3 also  indicated  that a structural  change 

was  occurring  on  heating.  Figure  5  shows  successive  photos of the  interference  fringes 

due  to  birefringence  for  this  wedge. Up to a temperature of 300' C  the  interference 

bands  did not  change.  At 450' C  the  birefringence  started  to  decrease (fig.  5(b)).  The 

decrease is indicated  by a wider  fringe  spacing.  At 600' C  the  bands  became  very  dis- 

torted  (fig.  5(c)). Upon heating  to 800' C  the  distortion  reverted  back  to  distinguishable 

bands.  Above 800' C  there  was no further  change  except  for a slight  decrease  in  the 

birefringence. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 



la)  Before  heating. 

0.25 mm 

(b)  Af ter   heat ing  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA450" C f o r  1 (c)  After  heating to600" C for  1 
- 

hour .   hour .  
Id)  After  heating to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800" C for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

hour .  
I F igure 5. - Lnterference  fr inges  due  to  birefr ingence  for wedge 79-3. Transmitted  light;  wavelength, 633 nanometers; wedge between  crossed 

I polarizers. 

It  was found that  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2H Sic  wedges  wi l l   fracture when the  crystal is heated  for long 
periods of t ime at 400' C.  Wedge 75-8 was  heated  to 400' C  for  various  lengths of time. 
After  being  heated for 24 hours at this temperature  the  crystals  exhibited a twist of 
about 12' per  mil l imeter  and a crack had  started.  After 72 hours  the  crystal  was as 
shown  in  figure  6(b).  The  three  nonuniform  horizontal  dark  lines  and  one  short  vertica 
l ine  are  cracks. In addition  to  the  cracks,  there  are  parallel  r idges  that  developed  on 

the  polished  face  (figs.  6(b)  and  (c)).  These ridges, which are indicated  by  the  zig-zag 
pattern of the  interference  fringes  in  figure  6(d),  curve  slightly.  This  effect  was ob- 
served  in all three 2H wedges. 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(a)  Before  heating;  transmitted  light 
photograph. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( b )  After  heating to400' C for 72 hours; 

transmitted  light  photograph. 
(c)  After  heating  to 1400" C for 72 hours; (d) After 1400 C heat  cycle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( A  = 633 nm); 

transmitted  light  photograph.  interference  (reflected  light1  photo- 
graph. 

Figure 6. - Photographs of  Wedge 75-8. 



r, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
,0 .5  cm , 

(a)  Before  heating. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( b )  After  heating to 400" C for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 hours. ( 1 3  After  heating to 400" C for 72 hours.  

Figure 7. - (1o.e) row of c-axis  X-ray  rotation  pattern for 2H wedge 75-8. Copper Ka radiation;  camera  radius, 3 centimeters. 

The  structure  change of wedge  75-8 is indicated by the X-ray  pattern  shown  in  fig- 
u r e  7. Initially this wedge  had  only a sl ight  trace of stacking  fault  disorder.  After  heat- 
ing  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400' C for  24 hours  (fig.  7(b)),  the ( l0. t )  reflections  became  noticeably  diffuse. 
After  an  additional 72 hours at 400' C (fig.  7(c))  there  was  nearly a continuous  streak 
along  the (10. I) row.  There  was  also  fanning  out of this streak  due  to  the  deformation 
of the  crystal. 

The first and  second  heating  cycles  (5  min  and 1 hr )  at 400' C produced  only a slight 
decrease  in  the  birefringence of wedge 75-8. There  was no  distortion of the  interference 
fringes  due  to  birefringence.  However,  continued  heating at 400' C for  24 hours  caused 
the  interference  bands  to  become  very  distorted as shown in  f igure 8. This  distortion 
started  to  revert  back  to  distinguishable  bands  when  the  wedge  was  heated  to 1600' C. 

However  by  this  time  the  polished  surfaces  had  become  frosted  making  the  bands  very 
blurred. 

11 



la)  Before  heating. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(bl After  heating to 400- C for 24 hours. 

Figure 8. - Interference  fringes  due to birefringence  for wedge 75-8. Transmitted  light;  wavelength, 633 nanometers; wedge between  crossed  polar- 
izers. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The first heat  cycle  for  wedge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79-2 was at 1000° C for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 minutes.  The  wedge  devel- 

oped a twist of 8.3' per  mil l imeter  and  then  fractured  near  the  wider  end. As with  many 
of the 2 H  crystals,  wedge 79-2 contained  thin  yellowish  layers  near  the base, which  were 

a mixture of highly  disordered 2 H  and  cubic  structure.  These  layers  most  often  occur at 
the  base of a crystal   where  i t  had  been  attached  to  the  graphite  growth  susceptor.  (See 

ref. 12 for  2H crystal  growth. ) Most of wedge 79-2 was  clear  and  colorless,  but,  after 

being  heated  to 1000° C, it  was  yellowish  in  color. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An X-ray  rotation  pattern of the  disordered  region  near  the base of wedge 79-2 indi- 

cated  that  before  heating this was a region of random  stacking  order.  The rest of the 

crystal was determined  to  be a well  ordered 2 H  structure  from  the  X-ray  rotation  pat- 

tern.  After  heating to 1000° C the  entire  crystal  transformed  to a random  stacking se- 
quence.  These  X-ray  results  were  the  same as for  wedges 79-3 and 75-8. 

The  interference  pattern  due  to  the  birefringence  for  wedge 79-2 is shown in  fig- 

u re  9. The  interference  fringes  did  not  appear to  go  through a stage of gross  disorder; 

however,  the  crystal  did  fracture at both  the  top  and  bottom. 

The  results of the  heat  cycles  for  the  wedges are shown  in tables I and 11. 
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la1  Before  heating. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIb) After  heating  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000- C for 5 minutes. ic l   Af ter   heat ing to 1000" C for 24 hours. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. - interference  fr inges  due  to  birefr ingence  for wedge 79-2. Transmitted  light;  wavelength, 633 nanometers; wedge between  crossed  polar- 
izers. 

Transformation  of  Undoped As-Grown Crystals 

Five as grown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 H  crystals  were  studied  in  detail; two of these  were  nitrogen  doped 
and wi l l  be  discussed  in  the  next  section.  The  three  others  were  clear  and  colorless 
with  ball-shaped  deposits of polycrystalline /3-Sic on the end. These  wil l  be  called the 

undoped crystals in the following  discussion. 
Although  the  transformation starts at around 400' C  in  the  as-grown  crystals, it 

was  much  slower  than  in  the  wedges. Figure 10  shows  the  birefringence  in  undoped 
crystal  76-1  before  and after being  heated.  The  interference  fringes  due  to  the  birefrin- 
gence  were only  slightly  distorted after the  crystal had been  heated  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400' C  for 96 hours 
(fig.  10(b)). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn additional heat cycle at 1000° C  for 24 hours  completely  washed  out  the 
fringes (fig.  lO(c)). In th is  crystal  the  (10- I) X-ray  diffraction  spots for the 2 H  struc- 
ture  showed  only a slight  increase  in  the  streaking  along  the  row of spots after being 
heated  to 400' C (fig. ll(a)). After  the 1000° C heat  cycle  (fig. l l (b)) the  (10- I) row of 
diffraction  spots  became a continuous  line.  Additional  heat  cycles at 1400' and 1600° C 

had  no effect on the birefringence o r  X-ray  rotation  patterns.  The  lack of fan  out of the 
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la) Before  heating. 

0.25 mm 
I 

(bl  After  heating to 
400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 6  
hours. 

( c )  After  heating to 
1000 C for 24 
hours. 

Figure IO. - Interference  fringes due to birefringence  for  as-grown 
crystal 76-1. Transmitted  light:  wavelength, 633  nanometers; 
crystal between  crossed  polarizers. 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

, . .- 5. '., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

(a)  After  heating to 400" C for 
96 hours. 

(bl  After  heating  to 1000" C for 
96 hours. 

Figure 11. - (1O.d) row of c-axis rotation  pattern  for 2H crystal 76-1. 
Copper Ka radiation:  camera  radius, 3 centimeters. 



(10- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt) row  in  the  X-ray  pattern  (fig.  ll(b))  also  shows that heating the crystal  did not 
cause bending of the c-axis as was  observed  for  the  wedges. 

at 1000° and 1400' C, then  7-hour heat cycles at 1600' and 1800' C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs with  crystal 
76-1, the  interference fringes due  to  the  birefringence  washed  out  completely after the 
crystals  were  heated  to 1000° C. The  X-ray  patterns of these two crystals  showed  only 
a small  amount of streaking  along  the  (10- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) row  after  being  heated  to 1800' C. The dif -  

fraction  spots  for  the 2H structure  were still clearly  present,  although  somewhat dif -  

fused. 

Two other  undoped 2H crystals  (68-1  and 79-4) were  subjected  to  24-hour  heat  cycles 

The  natural faces of crystals  68-1  and 79-4 were  sufficiently flat that good  surface 
interference  photographs  could  be  taken.  Ridges  perpendicular  to  the  c-axis  could be 
detected  on  both  crystals  with  the  surface  interference  photographs  after  these  crystals 
were  heated  to 1400' C. These  r idges  were  straight  and not curved as were the ridges 
observed  on  the  polished  faces of the  wedges.  Figure 12 shows  some of the  ridges  that 
appeared on the  surface of crystal 68-1. The 1600' C heat  cycle  did  not  affect  the  height 
or  number of ridges, and the 1800' C heat cycle  "frosted"  the  surface  too  badly  for  sur- 
face  interference  pictures  to  be  taken. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 12. - Interference  photograph  (reflected  light) of one of the  natural faces of crystal  68-1 
after  being  heated to 1400" C for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 hours zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( h  = 633 nm). 
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These  results  indicated that only a partial  transformation  had  taken  place  in  crystals 
68-1  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79-4. Since  dislocations  were  suspected of largely  determining  the  transforma- 
tion  temperature,  the  following  experiment  was  performed. After the 1800' C  heat  cycle 

the two crystals  were  rubbed  lightly  against  some  6-micrometer  diamond  paste on a 
glass  plate.  The  purpose  was  to  scratch  the  Sic  crystals  and  hence  cause  surface  dis- 
locations.  The  crystals  were  then  subjected  to a 1000° C  heat  cycle  for  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 hours. 

They  changed from  colorless  to  very yellow. X-ray  rotation  patterns  before  and  after 
the  heat  cycles  for  crystal 79-4 a r e  shown in  figure  13.  The  X-ray  results  for  crystal 

68-1 were  the  same.  The  crystals had transformed  from a faulted 2H to a structure  that 
produced  diffraction  spots of both  cubic  and 6H Sic.  These  crystals, which had only  par- 
tially  transformed  after  being  heated  to 1800' C,  underwent a gross  transformation at 
1000° C as a result of the  surface  dislocations. 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
I "  - 2H 

6H 

- 3C. 6H 

2H  6H - 

3C. 6H 

6H " 

- 2H 

6H 

3C. 6H 

- 2H 6H 

- 3C. 6H 

6H 

1.0 crn - 
1800' C for 7 hours.  scratched  with  dia- 

la)  Before  heating.  (bl  After  heating  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI C )  After  being 

mond powder and 
then heated  to 
1000' C for 2 hours. 

Figure 13. - (10. l )  row of c-axis  X-ray  rotation  paltern  for  2H  crystal 79-4. Copper Ka 
radiation;  camera  radius. 3 centimeters. 
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Transformat ion in Nitrogen-Doped  As-Grown  Crystals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
During  one  crystal  growth  run,  nitrogen  was  intentionally  added  to  the  carrier  gas. 

The  resulting  crystals  were  l ight  violet  in  color  and  some of the  crystals had  blue-green 
bands  perpendicular  to  the  c-axis. When the  crystals  were  examined  with  polarized Light 
it was found  that,  when  the  direction of polarization  was  parallel  to  the  c-axis  (extraordi- 
nary  ray),  the  colors  were  enhanced.  However, when the  direction of polarization  was 
perpendicular to the  c-axis  (ordinary  ray),  the  crystal  became  colorless as both  the 
violet  color  and  the  blue-green  bands  disappeared.  This  optical  effect,  called  dichroism, 
has  been  reported  for  other  nitrogen doped S ic  polytypes (ref. 21). The  colors  vary  with 
polytype,  ranging  over  the  full  visible  spectrum. 

Two of these  nitrogen-doped 2H crystals  (52-1  and  52-2)  were  subjected  to  various 
heat  cycles.  Their  transformation  behavior as determined  from  the  birefringence  and 
X-ray  patterns  was  similar  to  crystal 76-1. The  interference  fringes  due  to  the  bire- 
fringence  were  almost  completely  washed  out  after  the 1000° C  heat  cycles.  Also,  the 

(a1 Before  heating. 

0.2 rnm , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) After  heating to (c) After  heating to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

400" C for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA96 1ooO" C for 24 
hours. hours. 

Figure 14. - Photographs  of  crystal 52-2 in polarized  transmitted 
l ight.  Polarization  is  parallel  to  c-axis  (along  length of crystal). 
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(10. Q) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArow of diffraction  spots  on  the  X-ray  pattern  became a continuous  line after the 

1000° C  heat  cycles.  Further  heat  cycles  to 1400' and 1600' C  did  not  change  the  bire- 
fringence or X-ray  results. 

this crystal (a) in  the  as-grown  condition,  (b) after being heated  to 400' C  for 96 hours, 

and (c) after being  heated  to 1000° C fo r  24 hours. In these  photos  the  crystal  was 
illuminated  with  polarized  light  with  the  direction of polarization  parallel to the  c-axis. 
The  dark  regions  were  blue-green  and  the  l ighter  regions  were  violet.  After  the  crystal 
was  heated  to 400' C, it became  almost  totally  blue-green.  But after being  heated  to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1000° C,  the  regions  which  were  blue-green  in  the  as-grown  condition  became  colorless. 

No violet  color  was  noted after the 1000° C  heat  cycle. 

Some  interesting  color  changes  were  observed  in  crystal 52-2. Figure 14 shows 

The  results of the  heat  cycles  for  the  as-grown  crystals are shown  in  table I11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p. 31) .  

Other  Polytypes of Silicon Carbide 

Three  other  polytypes of S i c  (6H,  4H, and  cubic)  were  subjected  to  temperature  cy- 
cling.  A Sic   crysta l   conta in ix  both 6H and 4H polytype  regions  was  polished  into a 
wedge  shape.  The  crystal  was  then  heated  to 1400' C  for 20 hours.  Birefringence  mea- 

surements on  the  crystal  indicated  that  heating  to 1400' C  has  no  apparent  effect  on  the 

6H and 4H polytype of Sic.  
Cubic Sic  was  observed to  undergo a solid-state  transformation. Two samples of 

cubic S ic  (grown by vacuum  sublimation  technique,  Carborundum  Co. ) were  also  made 

into  wedges.  The  orientation of these  wedges  was  not  determined.  These  crystals  were 
found  to  contain  intergrowths of the  hexagonal  polytypes.  The  hexagonal  polytypes  were 

detected  by  rotating  the  crystal  between  crossed  polarizers.  The  cubic  region  remains 
dark as the  crystal is rotated,  whereas  the  hexagonal  regions  extinguished  every 90'. 

Figure  15  shows a cubic S ic  wedge  before  and after heating  to 1400' C  for 7 hours.  Note 

the  arrow  in  f igure 15(c) pointing  to a dimly  lighted area of the  crystal.  This  area, 
which  changed  from  light  to  dark as the  crystal  was  rotated,  did  not  exhibit  birefringence 

in  the  unheated  sample.  Other  transformed areas were  observed  but  they  were  not  bright 
enough to  show up on the  photograph.  These  observations  indicate  that  part of the  cubic 

Sic  crystal  had  transformed  to a noncubic  stacking  sequence at 1400' C. 
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la) In white  light. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) Before  heating. Wedge in crossed  polar- (c) After  heating to 1400" C for 24 hours.  
izers;  wavelength, 633 nanometers. Wedge in crossed  polarizers;  wavelength, 

633 nanometers. 

Figure 15. - Photographs of wedge from  cubic  crystal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA239 in transmitted  l ight. 

DISCUSSION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The  data  show  that 2H Sic  undergoes a solid-state  phase  transformation when  heated. 

This  transformation  can  occur at temperatures as low as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC .  X-ray  diffraction  pat- 
terns  indicate that the  structure of the  transformed  crystals is either  one of almost  com- 
plete  stacking  disorder  along the c-axis or  a cubic o r  6H structure  with  some  stacking 
disorder.  Other  than  the  bending or  twisting  none of the  crystals  grossly  changed  shape 
during  the  heating  process.  Thus,  the  phase  transformation is certainly not a regrowth 
process, as observed  by  Bootsma,  Knippenberg,  and  Verspui  (ref. 18), but is simi lar  
to  the  transformation  reported  by  Krishna,  Marshall,  and  Ryan (ref. 16). 

The  transformation is time  and  temperature  dependent. Wedge  75-8 transformed 
gradually  when  heated  to 400' C for  various  periods of time. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the  heating  temperature 
was  increased the rate of transformation  increased.  Wedge 79-2 transformed after being 
heated  only 5 minutes at 1000° C. 

The  transformation  temperature is dependent  on  dislocations  in the crystals.  The 
behavior of crystals  68-1  and 79-4 is convincing  evidence. These crystals  transformed 

I " 
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only  slightly after being  heated  to 1800' C,  but, after being  scratched  with  diamond  grit, 

they  underwent a gross  transformation at 1000°  C. The  difference  in  behavior of the 

wedges  and  as-grown  crystals is also  evidence  for  the  dependence  on  dislocations.  The 
process of grinding  and  polishing  the  wedge faces certainly  introduced  many  surface dis- 
locations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a result, all three  wedges  had  essentially  completed  their  transformation 
at 1000° C,  while  two of the  five  as-grown  crystals  retained  some 2H structure  even after 
being  heated  to 1800' C.  The  process of breaking  the  crystals  from  the  growth  susceptor 
may  also  have  introduced  some  dislocations.  The  number of dislocations  introduced 
from  this  source  probably  would  vary  greatly  from  crystal  to  crystal. So, as might  be 

expected,  the  transformation  temperature  for  the  as-grown  crystals  observed  by  the 
present  authors  and  by  Krishna,  Marshall,  and  Ryan (ref. 16)  varies  from  crystal  to 

crystal. 
The  dependence of the  transformation  temperature  on  dislocations  has  been  observed 

for  zinc  sulfide (ZnS). Piper  and  Roth (ref. 22)  found  that  the  transformation  tempera- 
ture of highly perfect 2H  ZnS crystals  was  about 750' C,  while  for  faulted  crystals  it  was 

about 400' C.  Also,  Singer (ref. 23)  observed  that  faulted 2H  ZnS crystals  transformed 
at temperatures of  400' and 530' C. 

It appears  that  for both Sic  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZnS the  phase  change is nucleated  at  dislocations. In 

most  whisker  crystals, the dislocation  density is very low (ref. 22). This  may  explain 

why  the  crystals do not  transform  during  growth  and  cooling.  However,  when  the  crys- 
tals are broken  from  the  growth  susceptor  and  handled  such  that  dislocations are intro- 

duced,  they are then  susceptible  to  transformation. 

Mardix,  Kalman,  and  Steinberger (ref. 24)  have  shown  that  the  most  common  trans- 
formation  mechanism  in ZnS is a periodic  slip  process.  The  slip is by a movement of 
one  hexagonal  layer  (parallel  to  the  (00.1)  plane)  with  respect  to  another.  The  process 

is transmitted  by a rotation  and  climb  about a screw  dislocation. When a periodic  slip 
process takes place,  the  crystal  faces  develop  atomic-sized  steps  that  appear as ridges 
on the  crystal on the  macroscopic  scale.  The  ridges  that  appeared on the  faces of the 
wedges  and  the  as-grown 2H Sic  crystals  indicate  that  such a periodic  slip  process  has 

taken  place. 
The bending  and  twisting of the  wedges  was  probably  caused  by  nonuniform  transfor- 

mation  throughout  the  crystal.  There are probably  orders of magnitude  more  disloca- 

tions  in  the  wedges  than  in  the  as-grown  crystals.  At  the  lower  temperatures  these 

slowly  propagate by a sl ip  process at a nonuniform rate  into  the  crystal.  As  the  crystal 
transforms it shrinks  in  the  c-direction  since  the  spacing  between  the  stacked  hexagonal 
layers is less fo r  6H and 3C S ic  than  it is for 2H S i c  (ref. 25).  The  situation  might  be 

compared  with  the  thermal  expansion of two dissimilar  metal  plates  welded  together. 
Because  the two metals  expand at different  rates  the  "metal  sandwich"  will  bend  and/or 
twist. If in  the  case of the 2H wedges  we  assume  that no slip takes place  along  the  c-axis, 
then  the  wedges  will  bend or  twist when there is a nonuniform  transformation. 
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As  the  transformation  nears  completion,  the  amount of twist  should  decrease. This 

decrease  in  the  twist  was  observed  for  wedge 79-3. After the 600' C  heat  cycle  the  twist 
fo r  this wedge  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12' per  mil l imeter,  and after the 1000' C  heat  cycle it was 6.4' per  
millimeter. In the  case of wedge 75-8 the  twist  apparently  caused  the  crystal  to  exceed 
its yield  strength  resulting  in  fracture. 

The  birefringence of the 2H wedges  changes  from 0.072, the  initial  value,  to a final 
value  in  the  range  0.034  to 0.037 after transformation (see table I). Caution  must  be 
exercised  in  interpreting  this  change.  There  have  been  attempts  to relate the  birefrin- 
gence  to  the  hexagonal  characters of both ZnS and  Sic  polytypes. In the ABC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . se- 
quence  notation of S i c  polytypes,  any  particular  double  layer of silicon  and  carbon  atoms 
(perpendicular to the c-axis) is in  either a cubic or hexagonal  nearest-neighbor  environ- 
ment.  As  mentioned  in  the INTRODUCTION, the  stacking  sequence  for 2H is ABAB. . . , 
for  cubic  (3C) it is ABCABC. . . , and  for  6H it is ABCACB. . . . A  layer is in a cubic 
environment i f  the two adjoining  layers  have  different  orientations  and is in a hexagonal 
environment i f  the two adjoining  layers  have  the  same  orientation.  For  each  polytype 
the  fraction of layers  in a hexagonal  environment  h  can be computed.  Thus,  we  get 
h = 0 for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3C, h = 0 .33  fo r  6H, h = 1.0 for 2H, etc.  Brafman, et al. (ref. 26) found 
that,  in ZnS crystals  that  were free of stacking  fault  disorder,  birefringence  was a 
linear  function of h. However,  Singer (ref. 23)  using ZnS crystals  with  stacking  fault 
disorder  obtained  very  erratic  results  when he attempted  to  correlate  birefringence  with 
structure. 

In the  case of Sic  the  birefringence  does not appear to be a linear  function of h 

(ref. 21), but it  does  increase  with  increasing h. About the  only  conclusion that can  be 
reached  from  the  birefringence  decrease  during  the  transformation, is that  the  crystals 
have a structure which is more  cubic  in  character  than  it  was  originally. 

The  observed  instability  in 2H Sic  apparently  rules  out  its  use  in a number of appli- 
cations.  Since  the 2H structure  transforms  to a very  disordered  structure,  its  use as a 
high-temperature  semiconductor is certainly  ruled  out. It might  be  expected  that the 

disordered  structure is weaker  than  any of the  perfectly  ordered  structures.  This  places 
a question  mark  on  the  use of 2H S i c  as a reinforcing  fiber  in  composite  materials. 

CONCLUSIONS 

This  report  shows  that 2H S ic  is unstable  above 400' C. The 2H polytype  transforms 
into  either a structure  with  one-dimensional  disorder  (random  stacking  sequence)  along 
the  crystal  c-axis or  a faulted  cubic o r  6H structure.  The  observations  show  that the 
process is a solid-state  transformation  involving a slip of the  Sic  layers  perpendicular 
to  the c-axis. The slip process is nucleated  on  dislocations  and is probably  propagated 
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by a rotation  and  climb  about  an axial screw  dislocation. 

at temperatures  above zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1400' C. Under  the  same  conditions  the 4H and 6H polytypes  do 
not  show  any  evidence of a transformation. 

This  report  also  shows  that  cubic  Sic  undergoes a solid-state  phase  transformation 

Because  high-temperature  processes  are  usually  involved  in  making  semiconductor 
devices,  the 2H polytypes  and,  possibly,  the  cubic  polytype a r e  unsuitable for  device  ap- 

plications.  Since  the  tensile  strength of a transformed 2H Sic  whisker  may  be  degraded, 
the  material is probably  unsuitable  for  fiber-reinforced  composite  materials.  From a 

stability  standpoint  the 4H and 6H polytypes  should be  suitable  for  such  applications. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland, Ohio, December 29,  1971, 
112-27. 
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APPENDIX A 

X-RAY ROTATION  PHOTOGRAPHS OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIC 

The  primary  X-ray  technique  used  for  crystal  structure  identification  in  this  report 
was  the  rotating  crystal  method. In this method a monochromatic  X-ray  beam is incident 
on a single  crystal,  which is rotating  about a major  crystallographic axis normal  to  the 
incident  beam. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA cylindrical  film is placed  around  the  crystal  such  that  the  film axis 
coincides  with  the  rotation axis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the  crystal  rotates, a particular set of lattice  planes 
will,  for  an  instant,  make  the  Bragg  angle for reflection of the  incident  X-ray  beam,  and 
at that  instant a diffracted  beam  will  form.  The  diffracted  beams  lie  on  the  surface of 
cones  that are coaxial  with  the  rotation axis. Thus,  the  spots on the  film  lie  along  hori- 
zontal  lines as can  be  seen  from  f igure 16. This is the  c-axis  rotating  crystal  pattern of 
a 2H Sic  crystal  with CuKa! radiation  using a nickel  filter.  The  curved streaks ema- 
nating from  the  center of the  film  are  due  to  white  radiation  not  removed by the  filter. 

For a complete  discussion of X-ray  photographs of Sic,  the  reader is referred  to 
reference 4 (ch. 6). However, a few comments  are  in  order  here.  The  f i rst  vert ical 
row of spots  to  the  left  and  to  the  right of the  film  center are due  to  diffraction  from  the 
lattice  planes (10. I). The  value of B increases  with  the  distance  away  from  the  base- 
line. For those  spots on the  baseline, B = 0; for  the  next  set of spots  along  these  rows, 

' l c m  I 
1 - 1 .  

Figure 16. - c-axis  rotation  pattern of 2H sil icon carbide.  Copper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKa radiation;  camera  radius, 3 centimeters. 
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4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, and so on.  Actually  each  spot is due  to  diffraction  from six crystallographically 
equivalent  sets of lattice  planes.  For  example,  each zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(10- 4) diffraction  spot is also  due 
to  diffraction  from (01-a), (il-f), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(70- I), (07- I), and (11. I). In this  report,  reference 
to  diffraction  from  one  set of lattice  planes  implies  diffraction  from  the  other  five. 

The  distance  between  spots  along a vertical row is determined by the  repeat  distance 

of the  particular  polytype  stacking  sequence (i. e., the  height of the  unit  cell).  The  larger 
the  repeat  distance,  the  smaller  the  distance  between  points. For a structure  with a 
completely  random  stacking  sequence,  the  repeat  distance is infinity, and  the  vertical 

rows on the  rotating  crystal  pattern  become  continuous  lines. 

The  information  needed  to  determine  the  particular  polytype  and  to  detect  the  pres- 
ence of random  stacking  disorder is essentially  contained  in  the row of (10. 4) diffraction 
spots on the  rotation  photograph.  Therefore,  only  the (10. 4) row  need be  given  to  illus- 

trate  the  structure of the  crystals. 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 

BIREFRINGENCE MEASUREMENTS ON Sic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
All noncubic Sic  structures  exhibit  birefringence.  Light  passing  through a noncubic 

S i c  polytype  in a direction  other than along  the  c-axis  will  split  into two rays,  each 
traveling  with a different  velocity.  The  ray  with  the  electric  vector  perpendicular  to  the 
c-axis is called  the  ordinary  ray.  The  other  ray  with  the  electric  vector  parallel to the 
c-axis is called  the  extraordinary  ray. In the  case of Sic,  the  ordinary  ray  travels 
faster. Thus,  the  ordinary  refractive  index no will  be less than  the  extraordinary re- 
fractive  index  n  The  difference  between  the two refractive  indices  (ne - no) is the 
birefringence.  This  property  varies  with  polytype  and is very  useful  for  examining  the 
structure of Sic  crystals  ( refs.  27 and 28). 

crossed  polarizers of a polarizing  microscope.  Normally two polarizers  rotated 90' to 
one  another wil l  produce a dark  field.  That is, light  passing  through  the first polarizer 
wil l  be  blocked by the  second  polarizer. If the  silicon  carbide  wedge is rotated  about an 
axis perpendicular to the  c-axis,  then  light  passing  through  the  crystal  extinguishes 
every 90' where  the  c-axis is parallel  to  one of the polarization  directions. When the 
c-axis is a t  45' to the  polarizers  the  crystal is bright  in a dark  field. 

e' 

The  birefringence  phenomenon is observed by  placing a S ic  wedge  (fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) between 

As a result a noncubic Sic  crystal   wi l l   appear to change  from  bright  to  dark as i t  is 
rotated  between  crossed  polarizers.  This  effect is obtained  only  when  the  direction of 
light  propagation  in  the  crystal is not parallel  to  the  c-axis.  Cubic  Sic  has  only  one  re- 
fractive  index  and  remains  dark  for all orientations when  placed  between  crossed  polar- 
izers.  Birefringence  measurements  can  be easily made on wedge-shaped samples  with 
the  polarizing  microscope.  With  crossed  polarizers  and the crystal  illuminated  with 
monochromatic  light,  interference  bands wil l  appear on the  polished  crystal  faces.  The 
interference  bands  will  be  parallel to the  intersection of the two polished  faces.  The 
spacing  between  bands is related to the  birefringence 6 of the  crystal by (ref. 28) 

6 = ( n   - n ) =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh cot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY 

d e o  
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TABLE I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- HEAT  CYCLES AND BIREFRINGENCE RESULTS FOR THE Sic WEDGES 

1- 
~ Heating Sample 

cycle 
79-3 238 239 79- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 75-8 

, 
Structure 

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2H 2H 2H 4H/6H "4 Cubic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 
I I  

r 
Birefrin- 

gence 

irefr in-  Treatment 

gence 1 Birefrin- 

gence 

0.072 

.039 

.034 

,037 

.031 

- - - - - - - 

Treatment Treatment  Birefrin-  Treatment 

gence I 

3irefrin- 

gence 

0.070 

,070 

.070 

,062 

(a) 

.038 

.034 

.034 

I 
"""""""_ , """""""" 1.051 (4H)  

,041  (6H) 

.051 (4H) 

.041 ( 4 H )  

.051 ( 4 H )  

.041 (6H) 

- - - - - - - - 

""""- 

""""- 

- - - - - - - - - 

""""- 

"""""""- 0 

0 

>O 

""" 

""" 

""" 

heating 

1 

2 

3 

4 

5 

6 

7 

400' C  for 24 hr 400' C for  24 h r  200' c for 1 tlr 400' C for 5 niin 1 

1000° C for 24 hr 1400' C for 7 hr 1400' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC for 20 hr 300' C for 1 111' 400' C for 1 11r 

1400' c for 7 111. 

1600' C for 7 h r  

"""""""" 

"""""""" 

"""""""" 

1400' C for 24 hr 

1600' C for 7 hr 

"""""""- 

450' C  for 1 hr 

600' C  for 1 hr 

800' c for 1 hr 

1000°  C for 1 h r  

1200°C for 24 hr 

400' C for 24 hr 

400' C lor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 2  hr 

1400' C for 7 hr 

1600° C  lor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI hr 

_""""""" 

_""""""" 

"_"""""" 
_""""""" 
_""""""" 

"""""""_ 

""""_""" I "_"" 

"Not measured  because of fringe  distortion. 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. - RESULTS OF HEATING SILICON  CARBIDE  WEDGES 

/Fr inges ,   re fe rs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto fr inges caused by birefringence  when  wedge  was  observed  I~ehvcen  crossed  polarizers w i t h  nionochron1atic  light:  spots.  refers to (10. () 

row of difflaction spots on X-ray  rotation  pattern;  streaking,  refers  to  streaking  along  (10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 row of X-ray  diffraction  spots;  fanning.  refers to  Innnillg 

out of (10. r )  row of X-ray  diffraction  spots;  hvist,  refers to hvisting of crysta l  about c-axis: N re fers  t o  ~loncubic polytypc of SIC. I 

1 Sample Heating 

cycle t r r T r 79-3 (2HI  75-8 ( 2 H i  79-2 ( 2 H )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA238 (4H/6HI 

Heat 

:reatment 

Results Heat 

.reatmetlt 

Results Heat 
reatment 

Results Heat 

reatment 

Results Results Heat 

realment I 
c" 

Fringes  present; 

l ist inct  spots; 

11o twisting 

:ringes  present; 

listinct  spots: 
IO hvisting 

Fringes  present: 

10 twisting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI Before :ringes  present: 

listinct spots: 

iome  streaking: 

to hvisting 

;light  fringe 

iistortion; X-ra! 
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No change 

300' C 
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tion;  X-ray 
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more hvist 

400' C 
for 24 hr  
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ior zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 11r 

More N Fringes  very 
j istortcd; X-ray 

streaking;  very 

hvisted;  slight 

rracture 

Extreme  fr inge 

distortion; X-ra! 
fanning 

I 
I '  

I- 

i 4  1 Fringes  very 

distorted; 

nlasimum 

twisting 

400' C 

for 24 hr  

1600' C 

for 7 hr 

No change 600' C 
[or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 hr 

1600° C 

[or 7 hr 

No c l ~ a ~ ~ g e  

! 
80O0 c 
for 1 Ilr 

Less  fr inge 
distortion; 

X-ray  fanning; 

sonie  unhvisting 

1400' C 
for  7 hr 

Top of crysta l  
broke off 

F- 10000 c 
for 1 hr 

More unhvisting 1600' C 

for 7 hr 

No change 

1 7 I 12000 c 
for 24 hr 

No change """" ""-"" 



TABLE 111. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- RESULTS OF HEATING  AS-GROWN 2 H  SILICON  CARBIDE  CRYSTALS 

IFringes.  refers to fringes  caused by birefringence \vhen wedge  was  observed  between  crossed  polarized w i t h  monocllromatic  light:  spots.  refers  to (10. ( )  row 

of cliffraction spots on X-ray  rotation  pattern:  streaking.  refers to streaking  along  (10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 row of X-ray  diffraction  sp0ts.j 
- 

Heating Nitrogen doped crystals Undoped crystals 

cycle 
Sample 

68- 1 19-4 I 16-1 I 52-2  52-1 I I 

Heat Results ' Heat Results 1 Heat 1 Results I Heat ' Results Heat 1 Results I I I 

treatment  treatment treatment ! trentment 1 treatment I 
I 

Before _ _ _ _ _ _ _ _ _  Distinct  fringes - - - - - - - - -  1 Distinct  fringes: - - - - - - - - -  Some distortion ' - - - - - - - - -  I Distinct  fringes: - - - - - - - - -  1 Distinct  fringes: 
I 

heating and 2 H  X-ray  well-defined 2 H  ' ~ well-defined Z H  I of fringes:  slightly ~ well-defined Z H  

slight  streaking , I some  streaking ~ 1 spots; violet color ' slight  streaking: 

1 with  blue-green  violet w i t h  blue- 

spots  X-ray  spots w i t h  I I X-ray  spots w i t h  , 1 smeared 2 H  X-ray  X-ray  spots w i t h  , 

I I 1 bands  green  kwds 
I I 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ O O O ~  c NO fringes; I O O O ~  c NO fringes: 400' C  Slight  fringe 400' C ' More fringe  dis- 1000° C No fringes:  con- 

for 24 hr some  X-ray  for 24 hr some X-ray , for 96 hr distortion;  sonle , for 96 111' tortion:  violet  for 24 hr tinuous  X-ray 

streaking  streaking I smearing ' ~ regions  turned  streak. 110 spots: 

X-ray  spots  blue-green  many new blue- 

green  bands 

' 2  

6 

Ridges  appeared 1400' C  Ridges  appeared 1000° C No fringes: ' 1000° C No fringes:  con- 1400' C  Crystal  nearly 
on crystal  faces  for 24 h r  on crystal  faces  for 24 hr tinuous  X-ray  for 24 11r all  blue-green 

~ st reak,  no spots; I 

! ~ color  change 

+ 
1600' C More  X-ray 

for 7 hr streaking 
~~ ~ 

1800° C 

2 H  spots  sti l l  

streaking but for 1111. 

More  X-ray 

present 

1000° C Cubic '6H X-ray 
for 2 11r 

NO c11a1ge 1ooo0 c 

spots" 

for 24 hr 

1600' C No change 

for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI hr 

18000 c 
lor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 hr 

10000 c 
for 3 h r  

More  X-ray 

streaking but 

distinct 2 H  

spots still 

present 

Cubic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6H X-ray 

spotsa 

""""""" 

"Crystal  scratched with  diamond before this heat  cycle. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c (see  text) 

1400' C 1 No change 1400' C No change lor 7 hr I for 24 hr for 24 hr 

1600" C No cllange 

1600' C I No change ' 1600° C ' No change I ------- I - - - - - - - - -  

"""_ """"_ I - - - - - - -  I - - - - - - - - - I """_ I ""_"" 


