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I. l NTRODUCT l ON 

The 'chalcogenide g lasses have become a  ma t te r  o f  g rea t  concern 

i n  recen t  years because o f  t h e i r  p o t e n t i a l  use as s w i t c h i n g  and memory 

dev ices.  Research on t h e  mu1 t icomponent chalcogenide g lasses was 

spurred by t h e  d iscovery  t h a t  most o f  them have o r d i n a r y  semicon- 

d u c t i n g  e l e c t r i c a l  p r o p e r t i e s  w i t h  a  room temperature c o n d u c t i v i t y  

- 1  - 1  
o f  t h t  oi0Jrl  u l  1 0 - ~ 1 1  cm . Hiorphous TlpSe-As Te however, 

2 3' . 
-3 - 1  - 1  

has a  room temperature c o n d u c t i v i t y  o f  10 cm which i s  l a r g e r  

than t h e  c o n d u c t i v i t y  o f  many c r y s t a l l i n e  semiconductors. 
4 

Mult icomponent chalcogenide g lasses a r e  e s s e n t i a l l y  cova len t  

i n  n a t u r e  and a r e  remarkably i n s e n s i t i v e  t o  acc iden ta l  i m p u r i t i e s .  

They c o n t a i n  a  l a r g e  number o f  unsa tu ra ted  chemical  bonds capable o f  

engaging and s a t i s f y i n g  t h e  va lence requ i  rements o f  any impu r i t y .  

Th i s  f a c t o r  and t h e  p o s s i b i l i t y  o f  i n t e r n a l  rearrangements w i t h o u t  

l a t t i c e  c o n s t r a i n t s  a r e  be l i eved  t o  p rec lude  t h e  i m p u r i t i e s  f rom 

a c t i n g  as donors o r  acceptors  o f  e l e c t r o n s  as they would i n  c r y s t a l -  

l i n e  semiconductors. I n  t h i s  sense, a t  leas t ,  such g lasses must be 

regarded a5 almost i n t r i n s i c  semiconducto~s.  

I t  i s  ext remely  d i f f i c u l t  t o  determine t h e  s t r u c t u r e  o f  m u l t i -  

component chalcogenide g lasses by mcans o f  x- ray o r  e l e c t r o n  d i f f r a c -  

t i o n  experiments. However, t h e  amorphous n a t u r e  can be v e r i f i e d  by 

n o t i n g  t h e  absence o f  Bragg s c a t t e r i n g  peaks. S t r u c t u r a l  i n v e s t i g a -  

t i o n s  by x - ray  d i f f r a c t i o n  due t o  H i l t o n  e t  a l ?  on a  b u l k  sample o f  

Ge15A~45Te40 g lass  y i e l d  a  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  w i t h  two 



peaks a t  2.50 and 4.02 %. The p o s i t i o n  o f  t h e  f i r s t  peak corresponds 

t o  an average o f  a1 1 i n t e ra tom ic  d i s tances  which range f rom 2.43 % 
6 

(Ge-~e)  t o  2.86 (Te-Te) . A nuc lea r  magnet ic resonance study of  

amorphous and c r y s t a l l i z e d  Te Ge As showed a  0.1% chemical s h i f t  81 15 4 

o f  t h e  Te peak f rom t h a t  o f  t h e  c r y s t a l l i n e  Te. 

For a  l a r g e  c l a s s  o f  mult icomponent chalcogenide g.lasses, t h e  

e l e c t r i c a l  c o n d u c t i v i t y  increases e x p o n e n t i a l l y  w i t h  i nc reas ing  tem- 

p e r a t u r e  i n  accordance w i t h  t h e  o r d i n a r y  semiconductor express ion  

2  - 1  - 1  4 - 1  - 1  
w i t h  a. between 10 R cm and 10 R cm and t h c  a c t i v a t i o n  energy 

E i n  t h e  0.3 t o  1.0 eV range. 
0 

7 y 8  Quinn and ~ohnson '  have measured 

t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a  b u l k  sample o f  Ge Te As i n  t h e  
15 80 5  

temperature range 230-330 K. The va lues  o f  E and a. ob ta i ned  by them 
0 

3 - 1  - 1  
a r e  0.43-0.48 eV and (1-5) x 1 0  R cm , r e s p e c t i v e l y .  The ve lues  o f  

r e s i s t i v i t i e s  on TeAsGeS g lasses ob ta i ned  by Mackowski e t  al.1° l i e  

6 
i n  t h e  range o f  l o 4  t o  10 Rcm. T h e i r  r e s u l t s  a1 so show an inc rease  

i n  resistivity w i  Lh an inc rease  i n  percentage o f  Ge i n  t h e  glass. The 

room temperature r e s i s t i v i t y  and a c t i v a t i o n  energy have been measured 

f o r  f o u r  d i f f e r e n t  samples i n  t h e  form o f  b u l k  and evaporated f i l m s  

11 
o f  As-Te-Ge by R. P in to .  My own research qroup members have 

measured temperature dependence o f  r e s i s t i v i t y  o f  b u l k  samples o f  

As Te Ge and As Te Ge and have repor ted  t h e  a c t i v a t i o n  en- 
15 7 3  12 

ev 
15 70 15 - 1 

erGi es o i  0.37 e c a n d  0.30 eV and aO va lues  o f  50 dl cm and 5  dl cm-I 



r espec t i ve l y .  Bunton e t  a1. l2 measured t h e  r e s i s t i v i t y  and a c t i v a t i o n  

energy o f  Ge-Te-As-Si 'samples i n  t h e  form o f  bu lk ,  evaporated f i l m s  

and spu t t e red  f i l m s ,  and have come t o  t h e  conc lus ion  t h a t  t h e  re -  

s i s t i v i t i e s  and a c t i v a t i o n  energ ies  o f  spu t t e red  f i l m s  had va lues  

which were c l o s e r  t o  t h e  corresponding va lues  f o r  t h e  b u l k  m a t e r i a l  

r a t h e r  than t o  t h e  va lues f o r  evaporated f i l m s .  Hence i t  was decided 

t o  measure t h e  r e s i s t i v i t i e s  and a c t i v a t i o n  energ ies o f  the  Aq-TP-Ge 

t h i n  f i l m  samples prepared by RF spu t t e r i ng .  

Measurements o f  t h e  Seebeck c o e f f i c i e n t s  have been performed on 

severa l  mult icomponent chalcogenide glasses, and i t  i s  g e n e r a l l y  

agreed t h a t  p - type  conduc t ion  predominates i n  t h i s  c l a s s  o f  ma te r i a l s .  

Seager e t  a1 . ' have measured bo th  Hal 1 c o e f f i c i e n t s  and Seebeck coe f -  

f i c i e n t s  i n  As -Te45-Ge and As -Teg0-Ge samples. The Hal.1 coe f -  5 0  5 5  15 
f i c i e n t s  i n d i c a t e d  n - type  conduc t ion  and an a c t i v a t i o n  energy E. o f  

H  

0.06-0.07 eV. E,, i s  t h e  a c t i v a t i o n  energy ob ta ined  f rom H a l l  coe f -  

- f ic.i.ents. The room-temperature v a l u e  o f  t h e  Hal 1 mobi 1 i t y ,  k,, - 

2 
0.053 cm /V-sec, ob ta ined  by Panus e t  a1.14 i s  i n  good agreement w i t h  

t h e  r e s u l t s  o f  Seager e t  a l .  But  t h e  Seebeck c o e f f i c i e n t s  f o r  t h e  

same samples showed p- type  c o n d u c t i v i t y  and t h e i r  da ta  gave an a c t i v a -  

t i o n  energy E = 0.24 eV and 0.29 eV f o r  As5TegoGe15 and As Te Ge 
s  50 45 5  

r e s p e c t i v e l y .  ES  i s  t h e  a c t i v a t i o n  energy ob ta ined  f rom Seebeck 

c o e f f i c i e n t s .  The c o n d u c t i v i t y  measurements on t h e  same samples y i e l d  

a c t i v a t i o n  cnerg ies  E = 0.43 eV and 0.46 eV f o r  t h e  As Te Ge and 
0 5 80 15 

As Te Ge g lasses respec t i ve l y .  E i s  t h e  a c t i v a t i o n  energy ob- 
50 45 5 CT 

t a i n e d  f rom c o n d u c t i v i t y  measurements. 



~ o c k s t a d ' ~  has measured t h e . i c  c o n d u c t i v i t y  o f  Te 48 As 30 S i  12 Ge 10 

and he has observed t h a t  t h e  ac c o n d u c t i v i t y  equals t h e  d.c. con- 

4 5 
d u c t i v i t y  up t o  10 t o  10 Hz, but  t he  ac c o n d u c t i v i t y  increases 

5  8 
w i t h  frequency approximately p ropo r t i ona l  t o  wO*' i n  t h e  10 t o  10 

' Hz reglon. A 
* 

Op t ica l  absorpt ion spectra o f  chalcogenide glasses always ex- 

h i b i t  ~ c l a p i v g l y  shaIp absurpl-lon edges, from wiiich o p t i c a l  gaps can 

be i t  appears t h a t  t h i n  f i l m s  o f  a  g iven composit ion 

a b s o r b . l i g h t  o f  a l l  f requencies t o  a  somewhat g reater  ex ten t  than do 

b u l k  samples o f  t he  same composition, bu t  t he  p o s i t i o n  o f  t h e  o p t i c a l  
. . 

J T , '  

edge i s  t he  same w i t h i n  experimental e r r o r . 1 6 T h u s  t h e  exponential  

dependence o f  e l e c t r i c a l  c o n d u c t i v i t y  over a  wide temperature range 

and t h e  reasonably d i s t i nc t .wave leng th  l i m i t s  i n  t h e  absorpt ion 

spectra s t rong ly  support t he  view t h a t  multicomponent chalcogenide 

glasses may be regarded as i n t r i n s i c  semiconductors. 



I I . APPARATUS 

F i g u r e  1 shows t h e  e n t i r e  apparatus which c o n s i s t s  o f  a  r e s i s t -  

ance measuring u n i t ,  a  temperature c o n t r o l  u n i t  and a temperature 

measuring u n i t .  

A. Resis tance Measuring C i r c u i t  

roi- Ll'le I I I ~ ~ ~ U I  ~ I I I ~ I I  L ur 1 1 1  yti res l srances an apparatus bu i I t  by 

M r .  Robert  ~ o h n s o n ' ~  i n  1966 has been used. The b l o c k  diagram o f  t h e  

apparatus i s  shown i n  F ig .  2. I t  i s  c la imed t h a t  t h i s  ins t rument  can 

measure sample impedances as h i g h  as 10'' t o  1016 ohms. I n  t h e  

measuring c i r c u i t  t h e  c u r r e n t  sup{ ly 'p rov ided  a v o l t a g e  v a r y i n g  f rom 

0 t o  10 v o l t s  across t h e  sample. The c u r r e n t  was determined by 

measuring t h e  v o l t a g e  across a v a r i a b l e  r e s i s t o r .  I n  most cases, 

because o f  t h e  h i g h  r e s i s t a n c e  o f  t h e  samples, a  r e s i s t a n c e  o f  100.1 

MR has been used t o  o b t a i n  readable vo l t ages  across t h e  v a r i a b l e  

r e s i s t o r .  Th i s  v o l t a g e  was measured by a K e i t h l e y  model 601 e l e c t r o -  

meter which has a maximum s e n s i t i v i t y  of  1 mV f u l l  s ca le  w i t h  i n p u t  

14 
impedance o f  10 R. 

The v o l t a g e  across t h e  sample was measured by the n u l l  method 

u s i n g  b a t t e r y  operated po ten t iometers  and V i c to reen  model 475 BR 

dynamic c a p a c i t o r  e lec t rometers  f u n c t i o n i n g  as n u l l  i n d i c a t o r s .  A f t e r  

30 minutes warm up, i t was necessary t o  c a l i b r a t e  t h e  po ten t iometer  

P by t h e  601 e lec t rometer .  I n  o r d e r  t o  read t h e  v o l t a g e  across t h e  
3 

v a r i a b l e  r e s i s t o r  accu ra te l y  a  d i g i t a l  Hewlett-Packard RMS vo l tme te r  

(3403 A) was connected t o  t h e  601 e lect rometer .  
I 
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Fig.. 2. Block diagram o f  t h e  res i s tance  measuring c i r c u i t .  



B. Sample Holder 
r: 

The sample holder  i s  shown i n  Fig.' 3 and Fig. 4. The important 
. #  

p a r t s  a re  the  fo l low ing.  

(1) A ho l low copper d i s c  forms the  base o f  t h e  system through 

which c o l d  water can be passed t o  main ta in  t h e  temperature o f  t he  

sample f a i r l y  constant.  This  copper d i sc  a l so  serves as a  heat s i n k  

f o r  t h e  thermo-e lec t r i c  coo le r  which i s  mounted on t o p  of  it. 

(2) A standard Borg-Warner thermo-el e c t r i c  coo le r  (0.5" x  0.5") 

( ~ o d e l  094492) i s  used t o  vary  t h e  temperature o f  t h e  sample from 

-30" C t o  +30° C. This t he rmo-e lec t r i c  coo le r  was mounted on t h e  

copper d i s c  us ing  t i n - i nd ium e u t e c t i c  solder.  Whi le soldering, 

proper care  was taken no t  t o  heat the  thermo-e lec t r i c  coo le r  exces- 

s i v e l y  ( l i m i t  i s  125" C). Number 18'copper wires,.which were covereci 

w i t h  t e f l o n  coat ing, were leads t o  t h e  thermo-e lec t r i c  cooler .  

(3) On top  o f  t he  the rmo-e lec t r i c  coo le r  a  copper p l a t e  of  

th ickness 1 /32" i s  soldered w i  t h  i nd i UIII. 

(4) Epoxy, which has h igh  e l e c t r i c a l  i n s u l a t i o n  and good 

thermal conduct ion was used t o  mount t h e  YSI p r e c i s i o n  the rm is to r  

on t h e  copper p l a t e  ( p a r t  #44003). The res is tance o f  t h e  the rm is to r  

i s  1000 R a t  25" C, and v a r i e s  from 10.92 K a t  -30' C t o  833.7 R a t  

+30° C. However, because o f  t h e  g lass subs t ra te  between copper p l a t e  

and sample, ,the actual  v a r i a t i o n  i n  temperature o f  t h e  copper p l a t e  

was much greater  than the  temperature v a r i a t i o n  o f  t h e  sample. The 

ope ra t i ng  temperature range o f  t he . the rm is to r  i s  from -80" C t o  

+150° C. The the rm is to r  leads a re  #28 manganin wires w i t h  t e f l o n  
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coat ing.  One must take  e x t r a  precaut ion  i n  hand l ing  t h e  the rm is to r  

leads s ince  they are  l i k e l y  t o  break a t  t he  j o i n t s  i f  they are  ' 

twisted.  

(5) The c u r r e n t  and vo l tage  probes a re  made o f  t h i n  copper 

p la te .  These probes are  clamped t o  the  copper p l a t e  w i t h  t e f l o n  

screws. Tef lon  pieces having s u f f i c i e n t  th ickness were placed be- 

tween t h e  probes and copper p l a t e  t o  achieve h igh  e l e c t r i c a l  i n -  

su la t ion .  Again #28 manganin w i r e  was used f o r  connections. The 

subs t ra te  ho lder  i s  t i g h t l y  he ld  on the  copper p l a t e  by t h e  c u r r e n t  

and vo l tage  probes. S u f f i c i e n t  care  was taken, w h i l e  t i g h t e n i n g  t h e  

screws, no t  t o  impose heavy mechanical s t ress  on the  thermo-e lec t r i c  

cool  er. 

i 
( 6 )  A copper-constantan thermocouple was mounted on the  sample 

t h a t  had been sput tered s p e c i a l l y  f o r  such purposes. Indium so lder  

made a  good contac t  between t h e  thermocouple and sample. 

C. Temperature Contro l  and Power Supply 

The c i r c u i t  diagram f o r  t h e  temperature c o n t r o l  and power supply 

i s  shown i n  Fig. 5. I n  t h e  power supply u n i t  a  t ransformer converted 

110 V a.c. t o  6.3 V a.c. w i t h  10 amperes cur ren t .  This  vo l tage  was 

r e c t i f i e d  by a  b r i dge  c i r c u i t  us ing  12 F  10 diodes. A f i l t e r  c i r c u i t  

o f  an inductor  (0.01 H) and a  capac i to r  (4000 pF, 25 V) was used t o  

o b t a i n  r i p p l e  f r e e  d.c. I t  was poss ib le  t o  o b t a i n  0 t o  10 V.d.c. by 

ad jus t i ng  t h e  v a r i a b l e  transformer. An E l t e x  modular power supply 

was connected d i r e c t l y  across 110 V a.c. t o  o b t a i n  + I 5  and -15 V f o r  

t he  opera t iona l  a m p l i f i e r s  i n  t he  temperature c o n t r o l  u n i t .  
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Fig.  5. C i r c u i t  diagram f o r  temperature control  and power supply. On top i i  the  c i r c u i t  diagram 

--- . 
o f  power supply and 03 bottom i s  the  c i r c u i t  diagram f o r  temperature cont ro l .  



I n  t h e  temperature c o n t r o l  u n i t ,  two 49.9 kl;l one percen t  r e -  

s i s t o r s  formed two arms o f  t h e  Wheatstone b r idge .  The t h i r d  and 

f o u r t h  arms o f  t h e  b r i d g e  were a  t h e r m i s t o r  (1000 R a t  25" C) mounted 

on t o p  o f  t h e  copper p l a t e  i n  t h e  sample ho lde r  (Fig.  5) and a  Rubi- 2 
con Company r e s i s t a n c e  box (1 R t o  10,000 R i n  steps) r e s p e c t i v e l y .  

I f  t h e  b r i d g e  was unbalanced by choosing a  r e s i s t a n c e  ( > 1000 R) 

from t h e  r e s i s t a n c e  box, a  d i f f e r e n c e  i n  t h e  p o t e n t i a l  r e s u l t e d  

across t h e  b r i d g e  (A and C). Th i s  d i f f e r e n t i a l  p o t e n t i a l  was f e d  t o  

t h e  741 o p e r a t i o n a l  a m p l i f i e r s  (#1 and #2) which were ma in ly  used t o  

o b t a i n  a  low o u t p u t  impedance f rom a  h i g h  i n p u t  impedance. The t h i r d  

741 o p e r a t i o n a l  a m p l i f i e r  magn i f ied  t h e  i n p u t  d i f f e r e n c e  p o t e n t i a l  

about 100 t imes t o  d r i v e  t h e  t r a n s i s t o r  2 ~ 6 9 7  which i n  t u r n  d rove  t h e  

t r a n s i s t o r  2N5055. A  gradual inc rease  i n  t h e  v o l t a g e  and c u r r e n t  was 

observed i n  t h e  vo l tme te r  and c u r r e n t  meter r espec t i ve l y .  The 

sw i t ch  passed t h e  c u r r e n t  through t h e  t h e r m o - e l e c t r i c  c o o l e r  i n  a  

p a r t i c u l a r  d i r e c t i o n  t o  coo l  t h e  sample. Th i s  c o o l i n g  o f  t h e  sample 

cooled t h e  t h e r m i s t o r  as we l l ,  and t h e  r e s i s t a n c e  o f  t h e  t h e r m i s t o r  

increased. The d i f f e r e n c e  i n  p o t e n t i ~ l  across t h e  b r i d g e  decreased 

and t h e  vo l tme te r  and ammeter i n d i c a t e d  a  decrease i n  t h e  v o l t a g e  

and c u r r e n t  r espec t i ve l y .  Th i s  process con t inued  u n t i l  t h e  t h e r m i s t o r  

r e s i s t a n c e  was almost equal t o  t h e  r e s i s t a n c e  of  t h e  r e s i s t a n c e  box. 

The b r i d g e  was almost balanced and t h e  c u r r e n t  i n  t h e  t h e r m o - e l e c t r i c  

c o o l e r  was j u s t  s u f f i c i e n t  t o  ma in ta i n  t h e  sample a t  t h e  r e q u i r e d  

temperature.  Thus i t  was p o s s i b l e  t o  decrease t h e  sample temperaturc  

t o  a  minimum o f  -30" C by t a k i n g  t h e  h i ghes t  r e s i s t a n c e  f rom t h e  



res is tance box. On the  o the r  hand by.choosing a  res i s tance  ( < 1000 

R) i t  was poss ib le  t o  pass cu r ren t  through t h e  thermo-e lec t r i c  coo le r  

i n  t h e  oppos i te  d i r e c t i o n  t o  heat t he  sample. A temperature o f  +30° C 

cou ld  be obta ined by decreasing the  res i s tance  t o  100 R i n  t h e  r e s i s t -  

ance box. The r a t e  o f  heat ing  and c o o l i n g  was a l so  dependent on t h e  
\L(\.! 
low vo l tage  (L.v.) obta ined from t h e  power supply. By choosing a  
-L.-lbLI 

p a r t i c u l a r  res i s tance  from t h e  res i s tance  box and a d j u s t i n g  t h e  v a r i -  

ab le  t ransformer i n  t he  power supply i t  was poss ib le  t o  o b t a i n  any 

desi red temperature o f  t he  sample i n  t h e  temperature range -30" C t o  

+30° C. A copper-constantan thermocouple was used as a  temperature 

sensor, and the  EMF o f  t h e  thermocouple was measured by a  type K-3 

un iversa l  potent iometer.  



I l l .  SAMPLE PREPARATION 

RF s p u t t e r i n g  i s  a very  u s e f u l  techn ique  t o  o b t a i n  amorphous 

t h i n  f i l m s  o f  mult icomponent samples. l8 The main t a r g e t  o f  Te 
75As25 

prepared by D r .  B. F. T. Bolker ,  one o f  ou r  group members, has been 

used t o  ob ta i r l  F i  1111s O F  h i g h  Te con ten t .  The t a r g e t  was f a b r i c a t e d  

f rom 99.9999% p u r i t y  Te and As. As shown i n  F ig .  6 t h e  sub ta rge ts  

r0 .04 cm (1/64 in.) t h i c k  s l  i ces  o f  serr~icrznductor grade Gel r es ted  

on t o p  o f  t h e  Te-As main t a r g e t  and were h e l d  i n  p l a c e  by g r a v i t y .  

The f o u r  s l i c e s  were o f  d i f f e r e n t  s i z e s  and p laced t o  g i v e  t h e  de- ' 

s i r e d  Ge con ten t  t o  t h e  f i l m s .  

The subs t ra tes  were s tandard 1.3 cm x 1.3 cm x 0.08 cm. Corn ing 

7059 g lass  p l a t e s  w i t h  t y p i c a l  su r f ace  smoothness o f  1/2 m ic ro  inch. 

Contact pads o f  Mo o f  t h i ckness  7000 were p r e v i o u s l y  spu t t e red  on 

these  subs t ra tes .  To i nsu re  good thermal c o n t a c t  w i t h  t h e  ho lder ,  

t h e  subs t ra tes  were coated on t h e  backs ide w i t h  Ga-In e u t e c t i c .  

F i v e  i n d i v i d u a l  subs t ra tes  were used t o  o b t a i n  d i f f e r e n t  composi t ions 

o f  Ge as shown i n  Fig. 6. 

Wi th  t h e  a i d  o f  an aluminum mask, rectangular -shaped r0.85 cmx 

0.15 cm] f i l m s  o f  As-Te-Ge o f  t h i ckness  1-2 Vm have been spu t t e red  be- 

tween t h e  c o n t a c t  pads (Fig.  4.1;; Another rectangular -shaped f i l m  was 

spu t t e red  t o  make rh ickness  measurements. The f i r s t  and second run  

o,l: i d111~1eb  W ~ I  e I I I ~ J ~  w i  Ltiuu.t b las .  The t h t r d  run of samples was 

spu t t e red  under 2 0 W b i s .  



DIMENSIONS:. 
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Fig. 6. schematic diagram o f  glass substrates-and arrangement o f  G& 
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sl Ices un AsZ5Tc target. 
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I V .  MEASUREMENTS AND RESULTS 

A. E l e c t r o n  Microprobe Ana l ys i s  

An App l i ed  Research Lab model EMX e l e c t r o n  microprobe was used 

t o  analyze t h e  samples c o m p o s i t i o n a l l y  f o r  we igh t  percen t  o f  t h e  Te, 

As, and Ge c o n s t i t u e n t s .  A s tandard computer program "Magic I V "  13 

conver ted t h e  microprobe readings t o  a tomic percen t  o f  t h e  c o n s t i t u -  

ents.  The p r imary  beam v o l t a g e  was 10 KeV which p rov ided  a  sample 

c u r r e n t  o f  approx imate ly  43 nA. The counts  f o r  a l l  t h r e e  c o n s t i t u -  

en t s  were de tec ted  by La s p e c t r a l  l i n e .  

W i t h i n  100 pm o f  t h e  ceroter bf each sample s e v e r d  microprobe 

readings were taken. The sample was moved under t h e  e l e c t r o n  beam 

a t  t h e  r a t e  o f  96 microns/minute d u r i n g  t h e  40 second i n t e g r a t i o n  

t i m e  ( coun t i ng  t ime)  o f  each measurement. Th i s  s low r a t e  prevented , , 

sample hea t i ng  and t h e  p o s s i b i l i t y  o f  v a p o r i z i n g  t h e  f i l m ' s  con- 

s t i t u e n t s .  The compos i t ion  o f  each f i l m  as determined by these  i n -  

d i v i d u a l  readings d i d  n o t  va ry  by more than a  few t e n t h s  atomic 

percent .  The a r i t h m e t i c  average o f  these separate measurements 

was chosen t o  s p e c i f y  t h e  f i l m ' s  ac tua l  composi t ion.  

The micro-probe was p r e c a l i b r a t e d  w i t h  b u l k  s tandards c o n s i s t i n g  

o f  Te, As', and Ge p ieces  t h a t  came from t h e  same l o t  of  m a t e r i a l  t h a t  

was used f o r  t h e  t a r g e t .  The mean depth o f  beam p e n e t r a t i o n  i n t o  t h e  

f i l m  was 0.4 pm. Since a l l  t i l m s  were t h i c k e r  than  1.0 km, t h e r e  was 

.no problem w i t h  t h e  e l e c t r o n s  p e n e t r a t i n g  t h e  subst ra te .  The abso lu te  

accuracy o f  these  analyses was f 2%" which inc ludes  ins t rumenta l  e r ro r s ,  



s tanda rd i za t i on  e r r o r s  and smal l  v i b r a t i o n s  i n  beam l o c a t i o n s  on t h e  

f i l m .  

I t  i s  p o s s i b l e  t o  analyze t h e  composi t ion o f  t h e  samples theo- 

r e t i c a l l y  f rom known d e p o s i t i o n  p r o f i l e s  and f rom f i l m  t h i ckness  

20 
measurements by t h e  use o f  t h e  supe rpos i t i on  equat ion.  

. -  .. . .... 

where T ( P O ) i s  t h e  t o t a l  f i l m  t h i ckness  a t  any p o i n t  P ~ ( x ~ , ~ ~ )  o f  ' 

" .  
t h e  p l ana r  subs t ra te ,  t i s  t h e  s p u t t e r i n g  t ime, Gj (Po) i s  t h e  deposi -  

t i o n  p r o f i l e ,  and R.(O1) i s  t h e  d e p o s i t i o n  r a t e  a t  some re fe rence  
J 

p o i n t  which i s  chosen t o  be t h e  c e n t e r  o f  t h e  s u b s t r a t e  p l ane  01 (0 ,  0) 

(Fig.  7) .  Depending on t h e  geometry o f  t h e  subs t ra te  and sub ta rge t  
I 

arrangement i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  d e p o s i t i o n  p r o f i l e  G ( P ~ ) .  

For  t h e  case o f  r ec tangu la r  co -o rd ina tes  i 1 l u s t r a t e d  i n  Fig. 7 t h e  

2  0  
. d e p o s i t i o n p r o f i l e i s  - 

The fundamental f u n c t i o n  f o r  t h i s  double i n t e g r a l  i s  



ATE PLANE 

. . 
Fig. 7.. Cosputtering geometry for rectan.gu3ar coordinates. 



1 X - X  Y - Y o  
F(X, Y) = O a r c  t g  Jm J(x - x ~ ) ~  + D~ t r  . 

Y - Yo X - X  
0  I 

+ a r c  t g  11 
2 . ,' m- J(Y - yo) '+ D -. 

Usi'ng t h i s  fundamental f u n c t i o n  t h e  d e p o s i t i o n  p r o f i l e  can be ex-=.-, 

pressed as 

I n  equat ions 2, 3 and 4, (x, y )  a r e  c6-o rd ina tes  of t h e  sub ta rge t  

l oca t i on ,  (xo, yo) i s  a  p o i n t  on t h e  subst ra te ,  and D i s  t h e  separa- 

t i o n  between t a r g e t  and subs t ra te .  

The c a l c u l a t e d  va lues  o f  G ( P ~ ) ~ ,  f o r  d i f f e r e n t  subs t ra tes  due 

t o  d i f f e r e n t  Ge s l  i c e s  (Fig. 6) a r e  g iven  i n  Table la;. These va lues  

of G(p0) a r e  normal ized w i t h  respec t  t o  t h e  p r o f i l e  f o r  t h e  t o t a l  

composite t a r g e t  area a t  some f i x e d  p o i n t  on t h e  subs t ra te  such as 

t h e  o r i g i n  ( 0 ' ) .  S i m i l a r l y ,  t h e  normal i zed  va lues  o f  G(p0),-, and 

G(pO) As a r e  c a l c u l a t e d  f o r  d i f f e r e n t  subs t ra tes  f rom t h e  main t a r g e t  

o f  These r e s u l t s  a r e  shown i n  Tab le~ lb ' .  The,composi t ions 

o f  As, Te and Ge ob ta ined  f rom the. e l e c t r o n  m ic ro  probe a n a l y s i s  a r e  

l i s t e d  i n  Table l c .  



Table la,. The c ~ l c u l a t c d  va lucs  o f  C ( P ~ )  Gn 

Subs t ra tes  

Ge S l i c e s  . #l #2 #3 #4 #5 
- - - -- - 

. 1 3.618 2.742 2.136 0.930 0.678 

2 2.884 2.937 3.065 1.031 1.006 

3 1.320 1.705 2.504 2.725 2.243 

4 0.274 0.409 0.781 0.589 0.495 

To ta l  8.096 7.793 8.486 5.275 4.422 

Table lb .  Normal i zed  va lues  o f  G(p0) G,, G ( P ~ ) ~ .  and G(Po)Te 

Subs t ra tes  # I #2 #3 #4 #5 

~ a b l - e  lc. Atomic percentages o f  Ge, Te and As ob ta ined  from e l e c t r o n  

mict-opt-obe a r ~ a l y s i s  

Cond i t ions  o f  

Subst ra tes #I #2 #3 #4 #5 . S p u t t e r i n g  
- -- --  

Ge 6.6 4.9 4.9 2.4 1.6 Q- 

Run #1 Te 64.3 59.9 60.5 61.6 63.5 No b i a s  

AS 29.1 35.2 34,6 36.0 34.9 



Table l c .  Continued 

Condi t ions of 

Substrates #I #2 #3 #4 #5 Sput te r ing  

- -  

Ge 6.8 5.4 5.9 2.3 1.6 

Run #2 Te 60.0 61.3 60.9 63.8 65.0 N o b i a s  

G e 9.8 8.4 7.9 4.3 3.4 

Run #3 Te 58.5 58.7 61.3 62.1 61.5 20% b ias  

As. .31.7 32.9 30.8 33.6 35.1 

I f  one assumes t h a t  t h e  r a t e  o f  depos i t ion  R ( 0 ' )  i s  t h e  same 
J 

f o r  a l l  t h e  const i tuents,  then t h e  depos i t ion  p r o f i l e s  l i s t e d  i n  

Table l b  may be roughly regarded as t h e  ca l cu la ted  compositions o f  

t h e  d i f f e r e n t  const i tuents.  From a comparison o f  Table l b  (calcu-  

l a ted  compositions) and Table lc (observed compositions) i t  i s  ob- 

served t h a t  t h e  percentage o f  Te determined from microprobe ana lys is  

i s  less  thar~  the ccl lculated percentage. A slml l a r  loss i n  1-e has 

a lso  been observed by D r .  8. F. T. Bolker18 i n  h i s  samples and he has 

explained i t  as the  r e s u l t  o f  a poor s t i c k i n g  c o e f f i c i e n t  f o r  Te. 

Assuming t h a t  a l l  atoms o f  As and Ge leav ing t h e  t a r g e t  s t i c k  t o  the  

substrate,an est imate o f  t h e  s t i c k i n g  c o e f f i c i e n t  o f  Te can be made 

i n  t h e  f o l l o w i n g  manner. 

For subst ra te  #3, t h e  observed f i l m  composition i s  60.5 at. % Te, 
- - - 

- -- - -  P A  - - - --  -- - - -  - - -  - -- -- - 
34.6 at.  % As and 4.9 at. % Ge. The ca lcu la ted composition i s  69.1 at.  

I 

I % Te, 23.1 at .  % As and 4.8 at.  W e .  
- -PP - - " -- - 

- - - 
- - - 



For every 30.9 atoms o f  As+Ge one expects 69.1 atoms o f  Te 

whereas one observejs 47.3 atoms o f  Te. Thus t h e  s t i c k i n g  c o e f f i c i e n t  

47 0.68. S i m i l a r  c a l c u l a t i o n s  on o t h e r  sub- o f  Te a t  20" C i s  - 
69.1 = 

s t r a t e s  show t h a t  t h e  s t i c k i n g  c o e f f i c i e n t  o f  Te l i e s  somewhere be- 

tween 0.63 t o  0.73. D r .  B. F. T. B o l k e r l 8  has repo r ted  t h a t  t h e  

s t i c k i n g  c o e f f i c i e n t  v a r i e s  w i t h  t h e  subs t ra te  temperature.  The 

s t i c k i n g  c o e f f i c i e n t  o f  Te as repo r ted  by him was 0.61 a t  20" C. 

There i s  some evidence o f  r e s p u t t e r i n g  o f  Te and As w i t h  20% 

b i a s  (Table l c ) .  Th i s  e f f e c t  has a l s o  been repo r ted  by D r .  B. F. T 

Bolker18 i n  h i s  t h e s i s .  

B. Temperature Dependence o f  R e s i s t i v i t y  

Resis tance o f  severa l  samples o f  As-Te-Ge i n  t h e  form o f  t h i n  

f i l m s  have been measured by two probe and f o u r  probe techniques. The 

apparatus used f o r  t h e  measurement was p r e c a l i b r a t e d  u s i n g  100 M f l  

one percen t  r e s i s t o r  i n  p l a c e  o f  t h e  t h i n  f i l m  sample. The accuracy 

o f  t h e  apparatus was q u i t e  good w i t h  an e r r o r  o f  l e s s  than  3%. 

A l l  measurements were made i n  vacuo and i n  t h e  absence o f  v i s i b l e  

l i g h t .  No e l e c t r i c  f i e l d  dependence o f  t h e  c o n d u c t i v i t y  was de tec ted  

ove r  t h e  range o f  f i e l d s  employed [0 .6  v/cm t o  6 v/cm]. The t h i c k -  

ness as we1 1 as t h e  res i s tances  by t h e  two probe and f o u r  probe 

methods (Fig.  9) a r e  qhown i n  Tab le  2 f o r  f o u r  samples a t  room tem- 

p e r a t u r e  (300 K) .  There i s  f a i r l y  good agreement i n  t h e  r e s i s t i v i t y  

va lues  measured by t h e  two probe and f o u r  probe methods. T h i s  r e s u l t  

suggests t h a t  t h e  f i l m s  a r e  homogeneous and t h e  r e s i s t a n c e  o f  t h e  

c o n t a c t  e l ec t rodes  i s  n e g l i g i b l e .  



Table 2. Two probe and four  probe res i s tances  a t  room temperature 

Res i stance (MR) R e s i s t i v i t y  (a-cM) 

Sample Thickness (i) Two probe Four probe Two probe Four probe 

Table 3. A c t i v a t i o n  energy and t r a n s i t i o n  temperature 

A c t i v a t i o n  energy (eV) D i f f e r e n c e  i n  

Low High a c t i v a t i o n  T r a n s i t i o n  

Sample temperature temperature energy temperature (K) 

Table 4. Composition, a c t i v a t i o n  energy, energy gap ( o p t i c a l  absorp- 

t ion) and oo 

Composit ion A c t i v a t i o n  
- 1  - 1  

Sample As Te Ge energy ( e ~ )  Energy gap (eV) oo(O cm ) 



A k i n k  has been observed i n  t h e  p l o t  o f  r e s i s t i v i t y  versus 

3 10 /T i n  a1 1 samples (Fig.  8). The a c t i v a t i o n  energ ies i n  t h e  h i g h  

and low temperature reg ions  and t h e  t r a n s i t i o n  temperature (where 

k i n k  occurs)  a r e  l i s t e d  i n  Table 3. The r e s u l t s  show t h a t  t h e  t r a n s i -  

t i o n  temperature s h i f t s  towards h i ghe r  temperature w i t h  an inc rease  

i n  t h e  a c t i v a t i o n  energy. 

The a c t i v a t i o n  energy, energy gap ( o p ~ i c a l  abso rp t i on  da ta ) ,  

1 
and a (a a t  - = 0) a r e  1 i s ted  i n  Tab le  3 t oge the r  w i t h  t h e  composi - 

0 T 

t i o n  f o r  a1 1 f o u r  samples. The va lues  o f  a. have been determined 

5 f rom t h e  e x t r a p o l a t i o n  p l o t s  o f  logloo aga ins t  10 /T (F ig .  10). The 

- 1  -1 v a l u e  o f  oO 1 i e i n  t h e  range 1 0  cm t o  300 d l c m - l .  

C. Sample Thickness Measurements 

I n  o r d e r  t o  measure t h e  t h i ckness  o f  t h e  t h i n  f i l m  samples they  

were f i r s t  coated w i t h  s i l v e r  i n  an evapora t ion  chamber t o  a  t h i c k -  

ness o f  a  few thousand angstroms. I n  an A-scope M u l t i p l e  Beam I n t e r -  

ferometer f r i n g e s  were observed. From t h e  f r i n g e  spac ing and o f f - s e t  

spacing a t  t h e  edge o f  t h e  f i l m ,  t h e  t h i ckness  was determined. The 

i - scope  Mu1 t i p l  e  Beam l n te r f e rome te r  p rov ides  an abso lu te  measure o f  

microscope v e r t i c a l  su r f ace  v a r i a t i o n s  i n  t h e  range f rom 30 t o  

20,000 i. Accuracy i s  no rma l l y  + 10 i. The th icknesses  o f  f o u r  

d i f f c r c n t  samples are  g iven  i n  Tab le  2. 

D. O p t i c a l  Measurements 

The da ta  on o p t i c a l  abso rp t i on  spec t ra  was taken by a Recording 

Spectrophotometer which i s  designed f o r  automat ic  r eco rd ing  o f  



absorpt ion spectra i n  t he  wavelength reg ion  o f  1860 i-26000 i w i t h  

good reso l v ing  power and h igh  photometr ic accuracy. As shown i n  

Tab1 e 4 t h e  energy gaps deduced from t h i  s data (Fig. 1 1)  a re  i n  good 

agreement w i t h  the  a c t i v a t i o n  energies ( E  = E /2) determined from .. 0 9  

dc c o n d u c t i v i t y  data. 



[ I O ~ / T E M P  (K)]-- 
3. Fig.  8. R e s i s t i v i t y  versus 10 /temperature (K) .  The a c t i v a t i o n  energies 

i n  t h e  high and low temperature regions a r e  a lso  shown.' 



Fig.  9. Two probe and fou r  probe measurements. The a c t i v a t i o n  energies 

i n  t he  h igh  and low temperature regions are  a l so  shown. 



3 Fig .  10. Conductivity versus 10 / temperature (K) .  The l i n e s  a r e  extrapolated t o  determine crO 

(a a t  1 / T =  0 ) .  



Optical  absorpt ion 
105 I I 1 1 I I I I I I I I I 

( e v )  . . - 

Fig. 11. Absorption c o e f f i c i e n t  OL (crnzl) versus photon energ;/ E ( e ~ ) .  
A 

The op t i ca l  gaps are determined from the lower edges o f  the . 



V.  D I S C U S S I O N  

A. Temperature Dependence o f  Conduct iv i ty  

Three mechanisms of  e l e c t r i c a l  conduct ion i n  amorphous semi- 

conductors have been suggested by Mot t  and ~ a v i  s . ~  The model o f  

energy bands pred ic ted  by the111 i s  shown I n  Fig. 12a. The mobi 1 i t y  

edges f o r  e lec t rons  and holes l i e  a t  E and Ev. The f i r s t  k i n d  o f  
C 

l o c a l i z e d  s ta tes  cxtend on ly  t o  E and EB i n  t h e  m o b i l l t y  gap, and 
A 

a re  supposed t o  o r i g i n a t e  from lack  of long range order.  The second 

k ind  o f  l o c a l i z e d  s ta tes  near t he  Fermi l eve l  a re  assumed t o  a r i s e  

from defec ts  i n  t he  s t ruc tu re .  The defect  s ta tes  form longer t a i l s  

bu t  a re  i n  s u f f i c i e n t  i n  dens i ty  t o  p i n  t h e  Fermi leve l .  According 

t o  t h i s  model, t o t a l  c o n d u c t i v i t y  w i l l  vary w i t h  temperature as shown 

i n  Fig. 12b. 

(1) A t  h igh  temperatures the  conduct ion i s  due t o  c a r r i e r s  

exc i t ed  beyond the  m o b i l i t y  shoulders i n t o  the  extended s ta tes  (non- 

l o c a l i z e d  s ta tes ) .  

(2) A t  low temperatures conduct ion i s  due t o  c a r r i e r s  exc i t ed  

i n t o  t h e  l o c a l i z e d  s ta tes  a t  t h e  band edges (EA o r  E ~ ) .  

(3) A t  very  low temperatures t h e  conduct ion i s  due t o  c a r r i e r s  

hopping between l o c a l i z e d  s ta tes  near t he  Fermi energy. I n  reg ion  

(1) i f  the  ~ l c l i r l  cu r ren t  i s  c a r r i e d  by holes 

(EF - Ev) 
o = o0 exp { - 

kT 3 



/ Non 1 oca 1 i zed s t a t e s  

F ig .  12a:. Energy bands i n  amorphous sem iconduc to rs  

F i g  . 12  b.'- 'iemperaGre dependence of -conduct i v i ty 



where o  which i s  c h a r a c t e r i s t i c  o f  t h e  m a t e r i a l ,  l i e s  i n  t h e  range 
0' 

2  - 1  - 1  4 -1 - 1  
10 R cm t o  10 R cm . 

1 
A  p l o t  o f  I n  o  aga ins t  - w i l l  y i e l d  a  s t r a i g h t  l i n e  w i t h  a  s l ope  

T 

equal t o  - E, ( E F - E v )  o r  e s s e n t i a l l y  - - 
k  k  where E  i s  c a l l e d  t h e  a c t i v a -  

0 

t i o n  energy determined f rom c o n d u c t i v i t y  measurements. 

I n  case t h e  a c t i v a t i o n  energy i t s e l f  i s  a  f u n c t i o n  o f  temperature 

then  t h e  f o l l o w i n g  cases a r i se .  

Case A: ~f E ~ =  E(O) - y ~ .  . .  ( 6 )  

1 then t h e  s lope  i s  - b u t  t h e  i n t e r c e p t  on t h e  0 a x i s  a t  - = 0  i s  
k  T  

o O  exp (:) which w i l l  be s l i g h t l y  h i ghe r  than oo. 

2  
CaseB:  I f  E o =  ~ ( 0 )  - / 3 ( k ~ )  . . .  

then  t h e  apparent a c t i v a t i o n  energy A i s  

1 
Hence a  p l o t  o f  I n  o  aga ins t  - i s  n o t  a  s t r a i g h t  l i n e  b u t  a  s l ow l y  

T  

v a r y i n g  c u r v e  as observed i n  one o f  my samples [#13, F ig .  81. 

I n  r eg ion  (2) t h e  c o n d u c t i v i t y  can be expressed by 

where Awl  i s  t h e  a c t i v a t i o n  energy f o r  hopping and E  i s  t h e  energy B 

a t  t h e  band edge. An es t ima te  o f  ol i s  r a t h e r  d i f f i c u l t  t o  make b u t  

2 k 
i t  I s  expected t o  be a  f a c t o r  o f  10 - 10 l e s s  than oo, f a c t o r  o f  

(EB - E,) 
approx imate ly  

kT 
b u t  ma in ly  due t o  a  lower m o b i l i t y .  I n  my 



- 1  - 1  
r e s u l t s  samples #12 and #13 have oo va lues  2 0 d 1 c m - '  and 300 cm 

- 1 -2 - 1  - 1  
r espec t i ve l y ,  whereas a va lues  a r e  10 and 10 R cm . I n  r e -  

1 

g i on  (3) conduc t ion  due t o  hopping o f  c a r r i e r s  i n  t h e  l o c a l i z e d  s t a t e s  

near  t h e  Fermi energy i s  expressed as 

o = o exp ( - AW2/kT) a 

2 (1 0) 

where o 2 z" l  and A W2 i s  t h e  hopping energy o f  t h e  o r d e r  o f  h a l f  t h e  

w i d t h  o f  t h e  de fec t  band shown i n  F ig .  12a. 

3 A k i n k  i n  t h e  p l o t  o f  I n  o versus 10 /T, which has been observed 

i n  my samples, has a l s o  been observed i n  amorphous s i l i c o n  f i l m s  a t  
*%. - 

240 K by P.: G. Lecomber and W. E. Spear. *I They a1 so measured d r i f t  

m o b i l i t i e s  i n  t h e  same temperature range and they n o t e  a s h i f t  i n  t h e  

a c t i v a t i o n  energy o f  t h e  m o b i l i t y  a t  t h e  same temperature. ,  T h e i r  r e -  

s u l t s  a r e  reproduced i n  F ig .  13. Lecomber and Spear assume t h e  band 

diagram ( ~ i g .  13b) and i n t e r p r e t  t h e i r  r e s u l t s  by say ing  t h a t  excess 

e l e c t r o n s  d r i f t  i n t o  t h e  extended s t a t e s  w i t h  a m o b i l i t y  o f  about 

2 - 1  v-l 
10 cm sec . A t  lower temperatures phonon a s s i s t e d  hopping occurs 

through l o c a l i z e d  s t a t e s  occupying a range o f  0.2 eV below t h e  ex- 

tended s ta tes .  The change i n  t h e  g rad ien t  from 0 . 6 2 . e ~  t o  0.51 eV a t  

T c s  240 K corresponds t o  a change o f  0.10 eV i n  t h e  a c t i v a t i o n  

energy o f  t h e  m o b i l i t y  a t  t h e  same temperature. 

I t  appears t h a t  t h e  same k i n d  o f  t r a n s i t i o n  i n  t h e  conduc t ion  

mechanism occurs  i n  t h e  samples ( A S - ~ e - ~ e )  t h a t  I have measured. As 

shown i n  F ig .  14a f o r  sample #12 t h e  a c t i v a t i o n  energy f o r  conduc- 

t l v i t y  chanyrs f r o m  0.32 eV t o  0.26 cV a t  Tc'-  282 K. Th i s  r e s u l t  , 



13a. Conduct iv i ty  data on arn6rphous s i l i c o n  f?orn'Lecornber and '  

 bar.^' , On top a t  t h e  r i g h t  hand corner  i s  a  rnagnif ied  

p o r t i o n  o f  region (1) and (2) w i t h  the  corresponding ac t i va -  

t ion  ,energ i'es.. 



3 . F ig .  13b. The d r i f t  m o b i l i t y  versus 10 / temperature (K) f o r  amorphous 
. -. 

s i l i c o n  f rom Lecomber and The m o b i l i t y  a c t i v a t i o n  

energ ies  a r e  a l s o  shown. On t o p  a t  t h e  r i g h t  hand corner  i s  

energy band diagram proposed by Lecomber and Spear. 



3 F i g .  14. Conduct iv i ty  versus 10 /temperature (K) f o r  sample #12. The pro- 
- , - - . - !  

posed energy band diagram i s  shown on top  a t  t h e  r i g h t  corner. 



can be explained assuming t h e  band diagram shown i n  Fig. 14b. I n  

reg'ion ( 1 )  T > 282 K, E, = 0.32 eV corresponds t o  i n t r i n s i c  conduc- 
,o 

t i v i t y  w i t h  a band gap o f  0.64 eV whereas i n  reg ion  (2) T < 282 K, 

ED,= 0.26 eV suggests hopping conduct ion i n  l o c a l  ized s ta tes  w i t h  an 

a c t i v a t i o n  energy of  0.10 eV. Hence I assume t h a t  t h e  l o c a l i z e d  

s ta tes  extend 0.16 eV below t h e  conduct ion band. Although t h e  d r i f t  

m o b i l i t y  has no t  been measured i t  i s  suggested t h a t  t he re  i s  a cor -  

responding change i n  t h e  m o b i l i t y  a c t i v a t i o n  energy from 0.16 eV t o  

0.10 eV a t  Tc = 282 K. 

A number o f  research papers i n d i c a t e  t h a t  t h e  values o f  E. and 
0 

a0 decrease w i t h  decreasing temperature as witnessed by t h e  author  i n  

h i s  own samples. This  decrease i s  genera l l y  r e l a t e d  t o  change i n  t h e  

conduct ion mechanism,' t h e  i n t r i n s i c  conduct ion gradua l ly  being re-  

16 
placed by t h e  hopping conduction. 6agen and F r i t z s c h e  are  o f  t h e  

op in ion  t h a t  thermal ly  a c t i v a t e d  hopping conduct ion w i t h  an a c t i v a t i o n  

energy less than t h e  m o b i l i t y  gap should be observed no t  t o o  f a r  below 

room temperature. However t h e r e  are  two c r u c i a l  experiments t h a t  

b r i n g  ~ u t  the d i f f e rences  herween hand c.ondl.!ction and hopping son- 

duct ion. 
2 2 

(1) The dependence o f  c o n d u c t i v i t y  on t h e  degree o f  compensation 

i s  cons i s ten t  w i t h  hopping bu t  n o t  w i t h  band conduction. 

(2) The frequency dependence o f  a.c. c o n d u c t i v i t y  should be 

q u i t e  d i f f e r e n t  f o r  hopping and band conduction. I n  hopping conduc- 

t i o n  a increases w i t h  increas ing  frequency whereas i n  band conduct ion 

o decreases w i t h  increas ing  frequency. 



However, i t i s  genera l l y  be l ieved t h a t  hopping c o n d u c t i v i t y  i s  

n e g l i g i b l e  a t  room temperature. A change i n  c o n d u c t i v i t y  a t  o r  around 

room temperature f rom i n t r i n s i c  t o  e x t r i n s i c  can sometimes be r e l a t e d  

t o  a s t r u c t u r a l  change i n  t h e  sol id. Tanaka e t  a1 .23 have measured 

t h e  temperature dependence o f  the  res is tance o f  a b u l k  sample o f  

As40Te50Ge10 and they have observed a k i n k  a t  t h e  g lass t r a n s i t i o n  

temperature (T ' 450 K). The g lass k r a n s i t i o n  temperature of t he  
9 

As-Te-Ge samples w i t h  the  same composit ion as t h a t  o f  my samples has 

no t  been repor ted because i t  i s  d i f f i c u l t  t o  prepare b u l k  amorphous 

samples o f  t h e  same composit ion by quenching. I n  t h i s  composit ion 

range normal ly  t he  samples t u r n  o u t  t o  be c r y s t a l l i n e  r a t h e r  than 

amorphous. 

But from the  t h r e e  dimensional f i g u r e s  showing t h e  g lass t r a n s i -  

t i o n  temperature o f  d i f f e r e n t  composit ions o f  As-Te-Ge (p~epared  by 

M r .  H. R. Shanks, one o f  our  group members) i t  appears t h a t  t h e  g lass 

. . 
t r a n s i t i o n  temperature f o r  my samples must be s u b s t a n t i a l l y  low. I n  

case t h e  g lass t r a n s i t i o n  temperature f o r  these samples i s  a t  o r  

around room temperature then i t i s  l i k e l y  t h a t  t he  observed k i n k  i s  

due t o  change i n  s t r u c t u r e  ra the r  than change I n  the  conduct ion 

mechanism. A t  t h i s  po in t ,  t h e  quest ion whether t h e  k i n k  i s  due t o  

change i n  s t r u c t u r e  o r  change i n  t h e  conduct ion mechanism i s  no t  y e t  

reso 1 ved. 

B. R e s i s t i v i t y  and Composition 

The r e s i s t i v i t y  data and data on 'ED f o r  d i f f e r e n t  composit ions 

o f  As-Te-Ge by several research workers a re  compared w i t h  my data by 



p l o t t i n g  r e s i s t i v i t y  and E versus percentage o f  Ge i n  F ig .  15a and 
0 

Fig.  15b respec t i ve l y .  The va lues  o f  r e s i s t i v i t y  a t  room temperature 

ob ta ined  by me f i t  ve ry  w e l l  w i t h  t h e  va lues  o f  o t h e r  workers. There 

i s  a  tendency o f  i nc reas ing  r e s i s t i v i t y  w i t h  an inc rease  i n  t h e  per-  

centage o f  Ge. R e f e r r i n g  t o  Tab le  5 i t  appears t h a t  w i t h  an inc rease  

i n  Ge-Ge bonds t h e r e  should be a decrease i n  t h e  number o f  conduc t ion  

e l e c t r o n s  because i t  takes much more energy t o  b reak  a Ge-Gc bond 

compared t o  an As-As o r  a Te-Te bond. 

Table .5.. Bond energ ies  i n .  Te-As-Ge system. 
18 - 

Bond ~ n e r ~ ~  (kJ/mol e) 

Ge-Ge 

Ge-As 

As-As 

Ge-Te 

As-T,e 

Te-Te 
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VI * .  SUMMARY 

This i nves t i ga t i on  of temperature dependence o f  r e s i s t i v i t y  o f  

t h i n  f i l m  samples o f  chalcogenide glasses (AS-Te-Ge) has demonstrated 

t h a t  t h e  values o f  a c t i v a t i o n  energy and oo f o r  these samples obtained @,F= 
from RF spu t te r i ng  l i e  c lose  t o  t h e  values o f  a c t i v a t i o n  energy and 

A. 

a f o r  bu l k  and evaporated samples. Two poss ib le  models have been 
0  

suggested t o  exp la in  the  sharp change i n  a c t i v a t i o n  energy a t  285 + 
10 K. One may i n t e r p r e t  t h e  k i n k  (change i n  slope) i n  t h e  p l o t  o f  

3 r e s i s t i v i t y  versus 10 /T as t h e  r e s u l t  o f  a  change i.n t h e  conduction. 

mechanism from band conduction t o  hopping conduction. A l t e r n a t i v e l y ,  

- - Y 

one may i n t e r p r e t  t h e  change i n  slope a s  t h e  r e s u l t ' o f  a  s l i g h t  

change i n  s t r u c t u r e  a t  t h e  glass t r a n s i t i o n .  The quest ion whether 

the  k i n k  i s  due t o  a  change i n  t h e  conduct ion mechanism o r  a  change 

i n  t h e  s t r u c t u r e  i s  no t  y e t  resolved. 

I n  order  t o  reach a  d e f i n i t e  conclus ion one might observe x-ray 

d i f f r a c t i o n  pa t te rns  o f  my samples a t  d i f f e r e n t  temperatures. I t  i s  

a  well-known f a c t  t h a t  t h e  c h a r a c t e r i s t i c  peaks observed i n  t h e  x-ray 

d i f f r a c t i o n  pa t te rn  o f  c r y s t a l l i n e  s o l i d s  are not observed i n  t h e  

case o f  an amorphous so l i d .  I t  i s  bel ieved t h a t  a  change i n  t h e  

s t ruc ture ,  i f  i t  ex i s t s ,  should somehow mani fest  i t s e l f  i n  x-ray d i f -  

f r a c t i o n  pat te rns  observed a t  d i f f e r e n t  temperatures. 
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