
C R I T I C A L  T H E R M I S T O R S  B A S E D  ON V n O 2 n _ l ( n  = 3 - 6 )  
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New types  of c r i t ica l  t h e r m i s t o r s  a r e  proposed,  based onV30 ~ , V407, VsO ~, and V~Ott. I t  
is shown that they can be p r epa red  f r o m  Magnel l i -phase  single c r y s t a l s ,  which do not de -  
compose  during the phase  change.  V o l t - - a m p e r e  c h a r a c t e r i s t i c s  and switching voltage --  
t e m p e r a t u r e  cu rves  were  obtained.  

The rma l ly  sensi t ive  semiconductor  r e s i s t o r s  a r e  widely used in va r ious  b ranches  of technology.  
Among these ,  a specia l  posit ion is occupied by c r i t e s i s t o r s ,  i .e.,  t h e r m i s t o r s  which show a jump in r e -  
s i s tance  at some cr i t i ca l  t e m p e r a t u r e  T c. Below T c, the i r  r e s i s t a n c e  is high and v a r i e s  exponent ial ly  
with t e m p e r a t u r e ,  while above T c it is me ta l l i c  in na tu re .  The sha rp  change in r e s i s t i v i t y  a t  T c is due 
to a meta l  - - s e m i c o n d u c t o r  phase  change,  such as  is exhibited by cer ta in  t rans i t ion  and r a r e  ea r th  me ta l  
oxides and chalcogenides .  Vanadium oxides show this behavior  m o s t  c l ea r ly .  Severa l  types  of c r i t e s t s t o r s  
based  on V203 and VO 2 have been manufac tured  and used in a va r i e t y  of equipment  [1, 2]. Type ST8 poly-  
c rys ta l l ine  t h e r m i s t o r s  based on V203 a r e  fabr ica ted  by c e r a m i c  s in te r ing  techniques .  Their  r e s i s t a n c e  
changes by m o r e  than three  o r d e r s  of magnitude in the vicini ty of 140~ The same p rocedure  is used  in 
fabr ica t ing  t y p e  ST9 t h e r m i s t o r s ,  based  on VO2, which have a t w o - o r d e r  r e s i s t a n c e  jump at about 340~K, 
Although widely used in technology,  these t h e r m i s t o r s  have a n u m b e r  of bas ic  d i sadvan tages .  In pa r t i cu l a r ,  
a r e s i s t a n c e  jump by a f ac to r  of 100-1000 is c l ea r ly  insufficient  for  many  au tomat ic  control  s y s t e m s .  A 
s t eepe r  change would a l so  be d e s i r a b l e .  Single VO 2 c r y s t a l s  show eight  o r d e r s  [4]. The i r  po lycrys ta l l ine  
coun te rpa r t s  have jumps which a r e  s eve ra l  o r d e r s  s m a l l e r .  

The product ion of V20 a-  and VO2-based t h e r m i s t o r s  in s in tered  po lyc rys ta l l ine  f o r m  is justif ied not 
only on a technological  bas i s ,  bu tby  the fact  that single c ry s t a l s  of these compounds develop c r a c k s  as  a 
r e s u l t  of r epea ted  switching between the semiconduct ing and meta l l i c  s t a t e s .  This  changes their  e l ec t r i ca l  
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Fig.  1. Res i s t i v i t y  vs t e m p e r a t u r e  for single c r y -  
s t a l s  of vanadium oxide p, f2 �9 cm; 103/T, r -1. 
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Fig .  2. Magnel l i -phase  t h e r m i s t o r  c h a r a c t e r i s t i c s ,  
m e a s u r e d  in still  a i r .  1) V407, 77*K, 2) V509, 770K, 
3) V60~ 1, 77'~K, 4) V305, 207~ U in vo l t s ,  P in mV, 
I l n m A ,  R i n ~ .  

c h a r a c t e r i s t i c s  m a r k e d l y .  Single VzO ~ c r y s t a l s  a r e  pa r t i cu l a r ly  prone to cracking,  and b r e a k  down af te r  
s eve ra l  tens of switchings.  The nature  of this c rack ing  is st i l l  u n c l e a r .  We bel ieve that  a poss ib le  cause  
is twin fo rmat ion  on going f r o m  meta l  to semiconduc tor .  This  is r e la ted  to monocl inie  deformat ion  oc -  
cur r ing  in the phase  t rans i t ion,  a s  a r e su l t  of the d i sp lacement  of vanadium a toms  along one of the three  
bas ic  hexagonal axes  b H. This deformat ion  is equally probable  along each of the three  d i rec t ions ,  and 
twinning is a r e s u l t  o[ this threefold degeneracy  [5]. TwLnning in VO 2 is caused by the a r b i t r a r y  pa i r ing  
of vanadium a toms  along the monoclLnic axis  a M in the m e t a l -  semiconductor  t rans i t ion [6]. High s t r e s -  
pes  occur  at t he  twin boundar ies ,  b e c a u s e  of the s t rong deformat ion  antsotropy~ and cause s i ng l e - c ry s t a l  
c racking .  This is espec ia l ly  pronounced in VzO3, in which the uni t -ce l l  volume changes by 3% during the 
phase  t rans i t ion [4]. 

In addition to V203 and VO2, vanadium f o r m s  a SerLes of in te rmedia te  oxides,  in which the vanadium 
ion is t r iva len t  and quadr tva lent .  These  oxides were  f i r s t  p r epa red  by Magnellt and a r e  called Magnellt 
phases .  The genera l  fo rmula  for  these  compounds is VnOm_ l, where n =3-9 .  Most o f them have a m e t a l -  
semiconductor  phase t rans i t ion .  Table  1 indicates  phase - t r ans i t i on  t e m p e r a t u r e s  and r e s i s t i v i t y  jumps 
for  these compounds [7]. As seen f r o m  the t a b l e ,  vanadium oxides cover  the t e m p e r a t u r e  range  f r o m  70 
to 4 2 0 ~ .  This makes  possibl  e the development  of new types  of c r i t e s i s t o r s  with var ious  cr i t ica l  t e m p e r a -  
t u r e s .  We have undertaken to develop such dev ices .  

F a b r i c a t i o n  T e c h n i q u e  

Magnel l t -phase  single c ry s t a l s  were  grown in a closed volume,  using the g a s - t r a n s p o r t  reac t ion  
m e t h o d  with TeCI 4 as  the c a r r i e r  [7]. This method was selected because  of its s impl ic i ty  and the quality 
of c ry s t a l s  produced.  

The initial charge  was p repa red  f rom a mix ture  of V203 and VzO 5 powders~ in the p roper  ra t io  to 
yield the des i red  oxide.  After  careful  mixing, the charge  was heated in a sealed ampoule for  2 days  a t  
600~ followed by 5-6 days a t  900~ I t  was then r eady  for the t r a n s p o r t  p r o c e s s .  

The t r anspo r t  reac t ion  was pe r fo rmed  Ln optical  quartz  ampoules  with inner d i ame te r  14-17 m m ,  
wall th ickness  2 -2 .5  ram,  and length 150-190 m m .  Approximate ly  2 g of powder was placed in the bot tom 
of the ampoule .  Since TeCIr is ve ry  hygroscopic ,  it was  added to the ampoule in a vacuum.  T r a n s p o r t  
took place over  a per iod of 10-30 h in an oven with a t e m p e r a t u r e  grad ien t .  The source  zone was at  1040~ 
and the c rys ta l l iza t ion  zone was at  920~ After  complet ion of the p r o c e s s ,  the ampoule was opened and 
washed with hot HC1. Tlte c ry s t a l s  were  then washed with hot and cold water  and dr ied .  

TABLE 1. P h a s e - T r a n s i t i o n  Cha rac t e r i s t i c s  tn Vanadium Oxides 

Compound v,o, Jv~o, v.o,, v,o,.lv.o~, vo. 

Phase-transition temperature, * K 
Resistivity jump 

VsOs V,Os 

150 420 

l0 s 10~ 

I 

244 ] 129 
I0 3 10 ~ 

174 
104 

- -  70 
10~ 

340 

I05 
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Fig. 3. Log of swi tch ingvol tagevs  t e m p e r a t u r e  f o r v a n a d i u m  oxide 
t h e r m i s t o r s .  Upper  r ight-hand corner :  U~ vs T for  V305- 
based t h e r m i s t o r .  U s in vol ts ,  U~ in vol ts  2, T in ~ 

Single c r y s t a l s  of V30~, V407, VsOo, and V60~1 were  grown in this way.  The i r  composi t ions  were  
checked by x - r a y  ana lys i s  and by their  r e s i s t a n c e  - - t e m p e r a t u r e  c u r v e s .  The c rys t a l  f o r m s  and d imen-  
sions var ied  over  a r a the r  wide r ange .  The bes t  spec imens  had d imens ions  of 7 • 2 1 5  ram.  Some c r y s -  
ta l s  grew in the fo rm of needles  6-7 m m  long and 0 .01-0 .02  m m  2 in c r o s s  sec t ion .  

The g a s - t r a n s p o r t  method can a l so  be used to grow epi taxial  vanadium oxide f i l m s .  In pa r t i cu Ia r ,  
we have grown s i n g l e - c r y s t a l  VO 2 f i lms  with a r e s i s t i v i t y  jump of about four o r d e r s ,  us ing  single TiO 2 
(rutile) c r y s t a l s  as s u b s t r a t e s ,  

Specimen Characteristics 

Measurements of resistivity vs temperature were made on the crystals using the four-contact 
method. Colloidal-silver contact material was used. The resistivity curves are shown in Fig. I. It can 
be seen from Fig. I that all the compounds had rather sharp resistivity jumps of several orders of 
magnitude. All the oxides e.~dlibited temperature hysteresis. 

This behavior makes it possible to fabricate thermistors with the following critical temperatures: 
V30 ~ - -  420~ V407 --  235~ V~Oll - -  169~ and V~O~ --  130~ The mos t  p e r f e c t  spec imens ,  in the 
f o r m  of p la tes  3-6 m m  long and 0 .5 -0 .05  m m  2 in c ro s s  section,  were  Selected for  these  dev ices .  A layer  
of s i lve r  was applied to the ends of the spec imen  by f i r ing s i lver  paste  or by sput ter ing  in a vacuum.  
Flexible leads were  then soldered to the s i l ve r .  The r e s i s t a n c e s  of these t h e r m i s t o r s  in the conducting 
s ta te  did not exceed 1 ~. 

We have studied the var ia t ion in t e m p e r a t u r e  dependence of r e s i s t a n c e  with the number  of switchings 
f r o m  the me ta l l i c  to the semiconduct ing s ta te .  The change in device p a r a m e t e r s  did not exceed 2(V/0 a f te r  
3 .104 switchings.  The r e s i s t a n c e  in the conducting state usual ly  increased  somewhat .  The spec imens  
were  examined under  the m i c r o s c o p e  a f te r  each 1000 switchings.  In some of the single c r y s t a l s ,  c r ack s  
were  fo rmed  which increased  in s ize with subsequent  switching. However ,  c r ack  fo rmat ion  was a r e su l t  
of c rys t a l  imperfect ions: ,  and occu r r ed  at  the block boundar ies  in block c r y s t a l s .  These  c racks  did not 
f o r m  in pe r fec t  c r y s t a l s .  

The s tabi l i ty  of single Magnel l i -phase  c r y s t a l s  against  repeated  t rans i t ions  f r o m  meta l  to s emico n -  
ducting phase c l ea r ly  dis t inguishes  them f rom V203 and VO 2 c r y s t a l s ,  in which c r a c k s  appear  on the f i r s t  
switching and r e s u l t  in breakdown af ter  repea ted  switching.  As indicated e a r l i e r ,  this cracking may  be 
caused by twinning during the phase t rans i t ion .  There  is no twinning in the Magnelli  phases ,  and their  
single c r y s t a l s  do not b r e a k  down in pass ing  through the cr i t ica l  t e m p e r a t u r e .  The s tabi l i ty  of VnO2n_ I 
c r y s t a l s  agains t  r epea ted  t rans i t ions  through the cr i t ica l  point opens broad poss ib i l i t i e s  for  the use of 
these  oxides in s i n g l e - c r y s t a l  fo rm,  for  which the r e s i s t a n c e - j u m p  s teepness  and the jump i tself  a r e  con-  
s ide rab ly  g r e a t e r  than for  po lycrys ta l l ine  s in tered  m u t e r i a l .  
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Fig.  4. Cr i t i ca l  t e m p e r a t u r e  T c vs 
e l ec t r i c  field E for  V203 single c r y -  
s t a l s .  E in k V / c m .  

The v o l t - - a m p e r e  c h a r a c t e r i s t i c s  of these  c r i t e s l s t o r s  
a r e  impor tant  because  they provide  information concerning the 
r e s i s t a n c e - - p o w e r  diss ipat ion re la t ionship  in the ON s ta te .  
Typical  Magnel l i -plmse t h e r m i s t o r  c h a r a c t e r i s t i c s  a r e  shown 
in Fig .  2. A l o g - - l o g  scale  is used,  since the same cu rves ,  
r e l a t ive  to axes  at  45~  r e p r e s e n t  r e s i s t a n c e  vs  power d i s s i -  
pa ted .  Deviation of the v o l t - - a m p e r e  c h a r a c t e r i s t i c s  f rom 
Ohm's  law begins  at a power diss ipat ion above 1 roW. As for  
conventional t h e r m i s t o r s  with negat ive t e m p e r a t u r e  coeff icients  
of r e s i s t ance ,  the c h a r a c t e r i s t i c s  have segments  with negat ive 
d i f ferent ia l  r e s i s t a n c e ,  whose occu r rence  is r e la ted  e i ther  to 
the usual t h e r m i s t o r  effect  or with heating to the c r i t i ca l  t e m -  
p e r a t u r e T c ,  depending on the ambien t  t e m p e r a t u r e .  The ques -  
tion of which switching mechan i sm is opera t ive  at  a pa r t i cu la r  
t e m p e r a t u r e  can b e  decided f r o m  the var ia t ion  of switching vo l -  
tage with ambien t  t e m p e r a t u r e .  An expres s ion  for  the switching 
voltage U s as  a function of ambient  t e m p e r a t u r e  T O can eas i ly  
be obtained f rom the hea t -ba lance  equation, giving 

Us-,= HA (T~-- To)ex p -:'--~ , 
�9 T~, / (I) 

where  the t h e r m i s t o r  t e m p e r a t u r e  T M at  the max imum of the v o l t - - a m p e r e  cha r ac t e r i s t i c  is 

TM ----- -~- B )" 

Since T M mus t  not exceed the c r i t i ca l  t e m p e r a t u r e  Tc,  i . e . ,  T M _ T  e, then for  

(2) 

(3) 

the switching voltage will depend exponential ly [1] on ambient  t e m p e r a t u r e ,  as  for a conventional t h e r m i s -  
tor ,  and for  

(, _ _ 

(4) 

the re la t ionship  will be 

Figure  3 shows switching voltage vs ambient  t e m p e r a t u r e  for  Magnel l i -phase  t h e r m i s t o r s .  I t  can be 
seen f r o m  Fig. 3 that  for  t e m p e r a t u r e s  which differ  g rea t ly  f rom the t rans i t ion  t e m p e r a t u r e  Tc, the 
re la t ionsh ip  is exponential ,  while at  t e m p e r a t u r e s  nea r  T c the switching voltage va r i e s  as  T1/2, c o r r e s p o n -  
ding to heating to the c r i t i ca l  t e m p e r a t u r e .  The t e m p e r a t u r e s  a t  which the t rans i t ion f rom one switching 
mechan i sm to the other occurs  a r e  V305 --  380~ V40 ~ - -  190~ VhO 9 --  103~ and V6OI1 --  l l5~K.  These  
t e m p e r a t u r e s  a r e  in good a g r e e m e n t  with the values  obtained f rom express ion  (3). 

In conclusion, we will d i scuss  some poss ib le  appl icat ions  of vanadium oxide c r i t e s i s t o r s .  The f i r s t  
broad a r ea  of applicat ion is based on using the r e s i s t a n c e  jump d i rec t ly .  They can be used for  contac t less  
switching in hea t -pro tec t ion  sys t ems ,  in Sys tems  for  t e m p e r a t u r e  m e a s u r e m e n t ,  moni tor ing,  and control ,  
in s y s t e m s  for  moni tor ing and control l ing c o m p r e s s e d - g a s  levels ,  e t c .  [1, 2]. These  s y s t e m s  a re  e x -  
t r e m e l y  s imple ,  re l iab le ,  and inexpensive.  The i r  disadvantage is that  the choice of c r i t i ca l  t e m p e r a t u r e s  
is smal l ,  and methods of vary ing  the cr i t ica l  t e m p e r a t u r e  a re  not wel l -developed.  Moreover ,  vary ing  T c 
usual ly  r e su l t s  in a dec rea se  in the r e s i s t a n c e  jump [8]. 

At the p r e s en t  t ime ,  the r e l a y  effect ,  i . e . ,  vary ing  the cr i t ica l  t e m p e r a t u r e  by an applied e lec t r i c  
field, is ve ry  signif icant .  The effect  of e l ec t r i ca l  field on T c in dc operat ion is a r e s u l t  of o rd inary  Joule 
heating, as shown by the curves  of Fig .  3. However ,  when the diss ipat ion coeff icient  H is inc reased ,  or 
whenthe device is ouerated inthe pulsed mode, the cause  of switching m a y b e  different .  We have made a detailed 
study of the effect  of e l ec t r i c  field on V203 [9]. It  turns  out that in this  case ,  T e is  a l inear  function of 
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the applied field down to 40~ as shown in Fig. 4. This relationship results  from the effect  of the field on 
the electronic structure of the crystal  and is a purely electronic effect.  It has been reported [10] that for 
pulses shorter  than 1/~sec in VO 2, switching from the dielectric to the metallic state cannot be explained on 
the basis of Joule heating. The nature of the effect of electr ic  field on transition temperature in Magnelli 
phases requires  additional investigation. 

N O T A T I O N  

Us, switching voltage; H, dissipation coefficient: A and B, material  constants; TM, temperature 
at vo l t - -ampere  character is t ic  maximum; To, ambient temperature .  
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