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1. INTRODUCTION 

A l t h o u g h the e lemen ta l semiconduc to r s i l i c o n and the compound GaAs c o n -
t i nue to d o m i n a t e i n the p roduc t ion of d e v i c e s , other b inary and ternary c o m -
pounds and a l l o y s are becoming more and m o r e i n te res t i ng for p rac t i ca l u s e . 
The number of s e m i c o n d u c t i n g m a t e r i a l s w h i c h i t i s p o s s i b l e to m a k e , i s a l -
m o s t u n l i m i t e d , e s p e c i a l l y i f , bes ides the inorgan ic m a t e r i a l s , one inc ludes 
organ ic s e m i c o n d u c t o r s . Improvemen ts in the techno logy of p roduc ing h igh 
q u a l i t y s i n g l e c r y s t a l s in w h i c h the concen t ra t ion of s t ruc tura l de fec ts is very 
l o w , has g rea t l y con t r i bu ted to the p o s s i b i l i t i e s of m a k i n g dev i ces w i t h s e m i -
conduc t ing a l l o y s and compounds . Moreover one can say that b inary and t e r -
nary s e m i c o n d u c t o r s ho ld p r o m i s e for a fu tu re techn ica l breakthrough, w h i c h 
shou ld inc rease the i r u s e . W i t h the improvemen t in the techno logy of m a k i n g 
h igh q u a l i t y new m a t e r i a l s whose p roper t ies shou ld be "o rdered" by the user 
there i s a b i g chance that the cost of t hese m a t e r i a l s w i l l be decreased at the 
s a m e t i m e so that thei r p roduc t ion w i l l b e c o m e e c o n o m i c a l t o o . 

Severa l years ago Hal l [ i j (1974) made large Ge c r y s t a l s of excep t iona l 
pe r f ec t i on and pu r i t y whose net concen t ra t ion of e l e c t r i c a l l y a c t i v e i m p u r i t i e s 
was be low 2 x c m " ^ . The proper t ies of these we l l known ma te r i a l were 
so improved that i t cou ld a l m o s t be regarded as a new m a t e r i a l s wh i ch c o u l d 
be used for m a k i n g modern de tec to rs for h igh reso lu t i on g a m m a and X - r a y 
s p e c t r o m e t r y . Thus one can say that modern sem iconduc to rs need not be qu i te 
new m a t e r i a l s . They can be qu i t e we l l known m a t e r i a l s such as Ge, w h i c h i t 
i s now p o s s i b l e to produce at a su i t ab le level of q u a l i t y for m a k i n g d e v i c e s . 
S o m e of the so c a l l e d new m a t e r i a l s have not been made before in large 
enough s i n g l e c rys ta l shapes for e x a m p l e : S n S , G e o , GeSe, GeSe2 e t c . 
Others l i k e d i a m o n d can now be made in a s e m i c o n d u c t i n g f o r m us ing s u i t a b l e 
dopan ts . 

The proper t ies of several groups of " n e w " and modern s e m i c o n d u c t i n g m a -
t e r i a l s w h i c h have been recent ly s tud ied and are of s o m e p r o m i s e for m a k i n g 
dev i ces in the near fu tu re , w i l l now be cons ide red . We w i l l e m p h a s i z e the m a -
ter ia l w h i c h a re m o s t p r o m i s i n g , some of w h i c h have been inves t iga ted in our 
l abo ra to ry . 
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2 . E L E M E N T A L M A T E R I A L S 

Large g e r m a n i u m c r y s t a l s have been recent ly made of e x t r e m e l y h igh pu r i t y 
and per fec t ion con ta in ing a car r ier concen t ra t i on of about 2 x10 c m " ^ and 
1200-2000 d i s l o c a t i o n s per c m 2 , ( F i g . 1 ) . In a d d i t i o n one chou ld under l i ne the 
i nc reas ing in teres t i n s e m i c o n d u c t i n g d i a m o n d . A l t h o u g h rare natura l s e m i c o n -
d u c t i n g d i a m o n d was d i scove red m o r e than 20 years ago (JZJ , and s y n t h e t i c 
d i a m o n d was m a d e soon a f te rwards ^ J , on ly recen t l y has h i gh q u a l i t y s e m i -
conduc t i ng d i a m o n d been m a d e . Genera l l y ion i m p l a n t a t i o n has been used 
1 3 , 5 , ^ and tne syn thes i s of S i C on d i a m o n d [8 ,9 ] . I m p l a n t a t i o n of d i a m o n d 

w i t h L i + , P+ and C+ leads to " N " t ype layers and i m p l a n t a t i o n of B+ or A I + 
g i v e s " P " type l aye rs . 
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F i g . 1 . Temperatur« dependence of the free carrier concentration in 
and unameaied Ge (After R . N . Hall 0 3 ) -

Imp lan ta t i on t of d i amond w i t h Si'^ ions leads to S i C syn thes i s w h i c h has 
been con f i rmed by pho to l um inescence a n a l y s i s . The proper t ies of s e m i c o n -
duc t i ng d i a m o n d look so p r o m i s i n g that V a v i l o v C I O ^ , conc luded at the 
Twe l f t h In ternat ional Conference of the P h y s i c s of S e m i c o n d u c t o r s - S t u t t g a r t 
1974- tha t "be fore the next m i l l e n i u m d i a m o n d m u s t become in i n d i s p e n s i b l e 
m a t e r i a l i n s o l i d s ta te e l e c t r o n i c s " . 

3 . A " ' B ^ C O M P O U N D S A N D A L L O Y S 
III V 

Many A B compounds such a s : G a A s , I nSb , I n P , QaSb e t c , can be used 
for e l ec t r on i c dev i ces based on the va r i e t y of the e lec t ron i c p roper t ies they 
e x h i b i t . 

It appeares impor tan t at present to i nves t i ga te new a " ' b ^ h igh tempera tu re 
and energy gap sem iconduc to rs l i k e : B N , B P , A I N , A I B , GaN, GaP e t c . 
E v e n research on the phys i ca l p roper t i es of these m a t e r i a l s has usua l l y been 
hampered by the s u c c e s s f u l l y g rown but not i n the f o r m of c r y s t a l s la rge 
enough for the p roduc t ion techn iques for normal d e v i c e s . 
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Boron n i t r i de i s a ma te r i a l not found in na tu re . B N has two m a i n a l l o t r o p i c 
f o r m s : hexagona l , w h i c h resemb les g raph i te i n so f tness and m a n y other p h y -
s i c a l p rope r t i es , and c u b i c , wh i ch resemb les d i amond in i t s phys i ca l p r o p e r t i e s . 
Cub ic BN can be produced by the s i m u l t a n e o u s a p p l i c a t i o n of h igh p ressure 
and h igh tempera tu re to the hexagonal f o r m of the ma te r i a l [ 1 1 ] . A l t h o u g h BN 
was f i r s t s y n t h e s i s e d in 1957, e l ec t r i ca l c o n d u c t i v i t y , r e f l e c t i v i t y C123 1 
abso rp t i on and l u m i n i s c e n c e measu remen ts in cub ic BN have been proper ly 
done on ly recen t l y 0 3 3 . 

Boron phosph ide has been grown e p i t a x i a l l y on Si subs t ra tes by therma l 
reac t ion C l ^ j J . Research on A I N has been e f fec ted a l so m y the s m a l l s i z e of 
the c r y s t a l s . R e f l e c t i v i t y measu remen ts have been made on 1 m m 3 s a m p l e s C l S j . 
E x p e r i m e n t a l r esu l t s on a l u m i n i u m dodecabor ide A IB- j2 show that it is an 
ana logue of rhombohedra l boron in s o m e of i t s e l ec t r i ca l and thermal p r o -
pe r t i es p e l . A n a n o m a l y has bilso reported that i t s thermal c o n d u c t i v i t y does 
not depend on tempera tu re in the low tempera tu re range. 

Recent success in the depos i t i on of la rge s i n g l e c rys ta l f i l m s of GaN has 
produced renewed expe r imen ta l in terest in t h i s semiconduc to r . GaN 
has po ten t ia l use fu lness for UV l um inescen t dev i ces . 
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F i g . 2 . Energy gap (Eg ) as a función of composition for InSb- inAs al ioys-

III V 
S o m e years ago m u c h work was done on A B a l l o y s , for i ns tance : 

I n S b - G a S b , I n S b - l n A s , G a A s - l n A s [ 2 0 , 2 l 3 , but a l l the s a m p l e s were p o l y -
c r y s t a l l i n e , La t te ra l y w i t h advances in techno logy in terest i n these a l l o y s has 
been renewed e s p e c i a l l y in G a S b - l n S b a l l o y s , because of their bear ing on the 
Gunn e f fec t Q223 . S o m e exper imen ta l work has been done on the sca t t e r i ng 
p rocesses and t ranspor t phenomena under p ressure of these a l l o y s [ p s j . 
Measuremen t of the m o b i l i t y when as i so t rop ic s t r a i n is a p p l i e d , w i t h i t s loga-
r i t h m i c d e f f e r e n t i a l , g i ves d i rec t data about the sca t te r i ng p rocesses i n v o l v e d . 
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Recen t l y s o m e new data have a l so appeared on s i n g l e and po l yc r l s t a l of 
I n S b - l n A s and G a A s - l n A s a l l o y s L 2 4 , 2 ^ . A l l o y s of G a A s - l n A s w i t h c o m -
p o s i t i o n s nearer to compound GaAs and in the f o r m of large s i n g l e c r y s t a l s 
c o u l d be used for m a k i n g lasers w i t h f reguanc ies s l i g h t l y d i f f e ren t f r o m pure 

G a A s . A l s o I n S b - l n A s s i n g l e c r y s t a l s are p r o m i s i n g m a t e r i a l s for m a k i n g 
pho tode tec to rs in ex tend ing the wave leng th towards the fur ther IR range as 
compared w i t h pure I nSb . In F i g . 2 i t can be seen that for I n S b - l n A s a l l o y s 
the energy gap has a m i n i m u m at about -lo mol% I n A s . 

0.4 

-o.A 
F i g . 3 . Variat ion of energy gap ( E g ) with corrpoaition and temperature 

tor al loya (After NIkol ic ar*d DirT>mock(27, 2 8 , 2 9 ] ) 

4 . L E A D - T I N - T E L L U R I D E A L L O Y S 

S i n c e the f i r s t oberva t ion of the decrease in the energy gap w i t h c o m p o s i t i o n 
of both PbTe-SnTe and P b S e - S n S e a l l o y s [ 2 6 , 2 7 , 2 8 ] , s teady progress has 
been made in the area of P b - S n sa l t phys i cs nad a p p l i c a t i o n s . A c c o r d i n g to 
the band mode l of D i m m o c k et a l . [ 29 ] for the PbTe-SnTe pseudobinary a l l o y 
s y s t e m , inc reas ing SnTe c o m p o s i t i o n i n i t i a l l y decreases the energy gap 
( F i g . 3 ) as the L " and L^ s ta tes approach each other ( F i g . 4 ) . 

6 6 
C r y s t a l s of PbTe-SnTe a l l o y s have been made u s i n g var ious techn igues w i t h 

car r ier concen t ra t ion a l m o s t a l w a y s in the ranoe between 1018 and lO""^ c m - 3 . 
The car r ier t ype and carr ier concen t ra t ion is d e t e r m i n e d p r i m a r i l y by d e v i a t i o n 

f r o m s t o i c h i o m e t r y . By teh use of annea l ing techn iques [ 3 0 , 3 1 1 , homogeneous 
c r y s t a l s of bo th " N " type and " P " t ype ma te r i a l as we l l as d i f f u s e d p - n 
j u n c t i o n s have been m a d e . Monocrys ta l I ine ep i t ax ia l layers of PbTe-SnTe have 

been produced as pho tovo l ta i c dev i ces capab le of r ad ia t i on d e t e c t i o n in the 
8 - 1 4 ^-um range [32] . D iode lasers are f ab r i ca ted f r o m vapor g rown d i f f u s e d 
P b T e - S n T e c r y s t a l s in w h i c h the S n concen t ra t ion is t a i l o r e d to produce lasers 
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w i t h va r ious e m i s s i o n wave leng ths over the broad range of 6 . 5 / u m to 3 1 . 8 / u r 
The dev i ces can be tempera tu re , p ressure or magne t i c f i e l d turned over s m a l l 
wave leng th ranges [33 j . The m a i n d i sadvan tage i s that the opera t ion of the 
d e v i c e s is res t r i c ted to low tempera tu res . 

PbTe P b , S n _ Te SnTe 

L s a n d L s 
® ® E a = 0 , 3 e V 

F i g . 4 . Schemat ic representation of the va lance and cooductivi ty bands 
at 12K tor PbTe , Pb^ .^Sn^Te at E g = 0 and SnTe (Af ter D i m m o c k [ ^ J ) . 

Recen t l y i t has been shown that the car r ier concen t ra t ion In PbTe-SnTe 
a l l o y s can be reduced by Cd d i f f u s i o n and a l so dop ing w i t h Z n |343 . A s i g n i -
f i c a n t reduc t ion in carr ier concen t ra t ion to about lO"'® c m - 3 f o l l o w e d by an 
Increase in m o b i l i t y ( F i g . 5 ) has been ach ieved us ing one zone and two zone 
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F i g . 5 , Carrier concentrat ion and m o b i i i t y as function of di f fusion 
source temperature for PbTe doped w i t h the Cd (At fer Linden ) . 

annea l i ng techn iques for the d i f f u s i o n of Cd Into the vapor -g rown c r y s t a l s of 
these a l l o y s . This reduc t ion of carr ier concen t ra t i on shou ld m a k e It p o s s i b l e 
to m a k e pho toconduc t i ve de fec to rs of m u c h better qua l i t y and probably low 
capac i t ance pho tod iodes . Late ly i t has a l s o been shown that h igh qua l i t y 
he te ro junc t i on photod iodes can be made f r o m layers grown by a l l g u i d phase 
ep i taxy techn ique Css] . Moreover BaF2 subs t ra te can be used for m a k i n g 
Scho t t ky d iodes |36] because BaF2 can w i t h s t a n d the fu l l pho to l i t hograph ic 
p rocess of dev i ce f a b r i c a t i o n , (as Is shown In F l g . 6 ) . 
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F l g . 6 . A fraqusncy charsctaristic for a Ihin f i l m PbTe Schottky 
diode on a 8aF2 Substrate (After Chan [ m ] ) . 

A l l these examp les mean that a number of bas i c expe r imen ts has been 
done on the proper t ies of the m a t e r i a l s and one m a y expect to f a b r i c a t e 
var ious dev i ces f r o m PbTe -SnTe a l l o y s in the near f u t u r e . Here one shou ld 
say that i t is l ess and less regarded as an d isadvantage if the men t i oned 
dev i ces shou ld be used on ly when they are coo led down to c ryo t empe ra tu res . 

5 . M A G N E T I C S E M I C O N D U C T O R S 

A s ord inary semiconduc to rs have nonl inear reac t ions to an app l i ed e l e c t r i c 
f i e l d , so magne t i c sem iconduc to rs as l o have a non l inear reac t ion to an ap -
p l i e d magne t i c f i e l d . A n in te rac t ion e x i s t s be tween the e lec t ron i c s ta tes 
and m a g n e t i s m w i t h the p o s s i b i l i t y of m a k i n g e lec t ron i c dev i ces w h i c h wou ld 
be con t ro l l ed by an app l i ed magne t i c f i e l d . In the i n i t i a l research the m a i n 
a t t en t i on was d i rec ted to E u r o p i u m ox ides and cha logen ides , EuO, EuS and 
E u S e , w h i c h have been s tud ied for several years [SS^ . More a t ten t i on was 
then pa id to c h r o m i u m cha l cogen ide , C d C r ^ S e ^ , HgCr^Se etc [ 3 9 , 4 ^ . 
The conduc t ion e lec t rons f r o m the ox ides be long to bands fo rmed p r i m a r i l y 
f r o m the d o rb i t a l s of the c a t i o n s . The d bands are rather narrow because the 
ions are r e l a t i v e l y far apart w h i c h leads to low carr ier m i b i l i t i e s ( < 1 c m ^ / V s ) . 

The c h r o m i u m cha lcogen ide s p i n e l s , C d C r ^ S e ^ and CdCr S are f e r r o m a g -
ne t i c sem iconduc to rs w i t h Cur ie tempera tu res of 8 4 . 5 0 K and 129.S^K res -
p e c t i v e l y . They con ta in Cr3+ ions on the octahedra l s i t e s and non m a g n e t i c 
ions on the tetrahedral s i t e s . If there are magne t i c ions on the tet rahedral 
s i t e s , for ins tance F e ^ * , Co2+, the ma te r i a l is f e r r omagne t i ca l l y o rdered. 
CdCrgSe^ is usua l l y a " P " type semiconduc to r w h i c h can be changed to an " N " 
t ype by dop ing w i t h t r i va len t e l e m e n t s . In " N " type CdCr2Se^ the conduc t ion 
e lec t rons in teract s t rong ly w i t h the m a g n e t i s m , so that i t s e l ec t r i ca l p ro -
per t ies appear anoma lous as a f u n c t i o n of tempera tu re p U j , as is shown i n 
F i g . ' y . In the s a m e tempera tu re range there is a l s o a large s h i f t of the op t i ca l 
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energy gap ( F i g . 8 ) . These observa t ions g i ve s t rong ev idence of the e x i s t e n c e 
of a large i n te rac t i on between the e l ec t r on i c s ta tes and the l o c a l i z e d m a g n e t i c 
m o m e n t s . 

Bes ides c h r o m i u m cha lcogen ide s p i n e l s another s p i n e l - t y p e semiconduc to r 
Cd ln2S4 Qis] has appeared r ecen t l y . For t h i s compound even the band s t r u c -
ture has l^een c a l c u l a t e d (44^ . It i s a l s o a p r o m i s i n g mate r ia l for pho tocon-
d u c t i v i t y dev i ces ( 4 5 l . It has a l s o been shown that Cd ln2S4 has a par t ia l 
inverse sp ine l s t ruc tu re ( 46 j , where Cd^ * ions occupy tet rahedral and o c t a -
hedral s i t e s e q u a l l y . Inf rared r e f l e c t i v i t y spec t ra measu remen ts be low and 

10 

10" 

10' 

i6' 

I r 

X = 0.02 

100 200 300 

F i g . 7 . Resist ivi ty versus tennperatufe fof t h e n - t y p e Cdi.^^in C r 2 S e . 
with « . 0 , 0 2 (After Ami th and Qonssius ) . 
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F i g . 8 . Temperature deperxlence of the optical absorption edge 
of OdCr2Se4 (After Shepers (42] ) . 
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above the Cu r i e tempera tu re have been made recent ly us ing s i n g l e c rys ta l 
C d l n 2 S 4 , and the op t i ca l cons tan ts ob ta ined ¡47]] . 

One of the m o s t in te rse t ing fe r romagne t i c cha lcogen ide sp ine l s is 
CuCr2Se4 because of i t s h igh Cur ie tempera tu re (420OK) and p - m e t a l l i c c o n -
d u c t i v i t y . The f e r r o m a g n e t i s m is the resu l t of an ind i rec t exchange i n te rac t i on 
between the l o c a l i z e d C r - 3 d sp ins via the an t i pa ra l l e l s p i n p o l a r i z a t i o n of the 
f ree ho les in the C u - band ^ 8 ] . The h i g h concen t ra t ion of the m a j o r i t y ca r r i e rs 
i s due to the monova lence of Cu l eav ing one ho le per m o l e c u l e , when p l a c e d 
on the te t rahedra l s i t e of the sp ine l s t ruc ture |49] . 

1000 

Xl>jm) 
F i g . 9 . Comparison of the figures of meri t Cd2/n2) wtiere d is the 
largest phase matchabie rv3nlinear optical c o e f . , arKl useful trans-

parency r a r ^ s of some mater ia is . (After Bovd [57 -60 ] ) . 

Late ly the research on fe r romagne t i c cha lcogen ide sp ine l was extended to 
d e t e r m i n a t i o n s of the the rmore f l ec tance of CdCr2Se4 at tempera tures above ' 
and be low the Cur ie po in t ISo] . A l s o the e f fec t of M n i m p u r i t i e s was e x a m i n e d 
on the sc rew s t ruc tu re of ZnCr2Sej^ I s i J , u s i n g neutron d i f f r a c t i o n . By the 
per tu rba t ion thero ry , d i s t o r t i o n of the screw s p i n s t ruc tu re due to an i n t e r s i t i a l 
s p i n was s t u d i e d . These theore t i ca l resu l t s were compared w i t h s o m e e x p e r i -
men ta l data and in the c o n c l u s i o n i t was es tab l i shed that nei ther changes in 
C r -C r exchange in te rac t i ons due to M n s u b s t i t u t i o n nor M n - C r exchange can 
be ignored [52j . 

6 . NONL INEAR OPTICAL M A T E R I A L S 

The advent of the laser has s t i m u l a t e d many f i e l d s of study i nc l ud ing much 
research on Nonl inear Opt ica l M a t e r i a l s . They have become of great in teres t 
for measu r i ng wave leng ths and f requenc ies of in f ra red l ase rs . The i n te rac t i on 
of the laser beam w i t h the e lec t ron ic charge d i s t r i b u t i o n of a t o m s g i v e s r i se 
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t o o b e r v a b l e n o n l i n e a r o p t i c a l e f f e c t s . B y m i x i n g the in f ra red laser r a d i a t i o n 
w i t h v i s i b l e l i g h t , in a non l inear o p t i c a l s i n g l e c r y s t a l , two new r a d i a t i o n 
c o m p o n e n t s a p p e a r , w h i c h c a n be m e a s u r e d and c o m p a r e d w i t h the v i s i b l e 
laser r a d i a t i o n , 

A number of o p t i c a l m a t e r i a l s a re a v a i l a b l e fo r the above u s e l 2 5 5 , 5 ^ . The 
bes t non l i nea r o p t i c a l m a t e r i a l s are h i g h l y r e s i s t a n t s e m i c o n u c t o r s at r o o m 
t e m p e r a t u r e or even i n s u l a t o r s . They s h o u l d be h i g h l y p o l a r i z a b l e c r y s t a l s w i t h 
a rar ther h i g h index of r e f r a c t i o n . The non l i nea r op t i ca l p r o p e r t i e s of severa l 
c o m p o u n d s have been s t u d i e d dur ing the l a s t four years [ ] 5 7 , 5 8 , 5 9 , 6 0 , 6 1 , 6 2 ^ . 
They have a t e t r a h e d r a l l y coo rd ina ted c a l c o p y r i t e t ype of s t r u c t u r e and are 
ana logous to a U b ^ ' and a ' " b ^ d i a m o n d c u b i c s e m i d o n d u c t o r s . The bond ing 
i s m a i n l y c o v a l e n t a l t hough an ion ic c o n t r i b u t i o n is p resen t a l s o , b e c a u s e of 
t he p resence of d i s s i m i l a r a t o m s in the l a t t i c e . It has been s h o w n (63] tha t 
t h e abso rp t i on m e c h a n i s m s in A g 3 A s S 3 are due to d i r ec t and i n d i r e c t i n te rband 
t r a n s i t i o n s . N o n - l i n e a r o p t i c a l m a t e r i a l s have rather w i d e t ransparency ranges 
t oo as i s s h o w n i n F i g . 9 . Up t o now the on ly good q u a l i t y s y n t h e t i c c r y s t a l 
a v a i l a b l e for non l i nea r i n t e r a c t i o n be tween CO^ laser wave lengh t and the v i s i b l e , 
range w h i c h has appeared is A g ^ A s S g . 

I 111 V I 11 IV V 
7 . A B C 2 and A B C 2 T E R N A R Y C O M P O U N D S 

There i s a l a rge number of ternary t e t r a h e d r a l l y coo rd ina ted s e m i c o n d u c t o r s . 
The i r genera l f o r m u l a i s A r i - 1 C®""^ where n is u s u a l l y 2 or 3 . They are 
ana logous of the A U b V and A ' ^ B ^ s e m i c o n d u c t o r s . The ternary c o m p o u n d s 
u s u a l l y have a s m a l l e r energy gap c o m p a r e d w i t h the h o m o l o g o u s b ina ry c o m -
p o u n d s . In t h i s c a s e there are two k i n d s of c a t i o n s . The p o s s i b l e e m i s s i o n 
l i n e s , w h i c h are m a i n l y in the v i s i b l e range , for these c o m p o u n d s , m a y 
i n d i c a t e a p o s s i b l e a p p l i c a t i o n of t he p a r t i c u l a r ternary c o m p o u n d for m a k i n g 
a s t i m u l a t e d e m i s s i o n in the v i s i b l e range [ 6 4 , 6 5 , 6 ^ . The i n t r i n s i c o p t i c a l 
p r o p e r t i e s and t he band s t r uc tu res are not ye t w e l l unde rs tood . C u G a S ^ and 
C u l n S g a re the m o s t s t ud ied a I b " ' c ^ ' 2 c o m p o u n d s ( 6 7 , 6 ^ , t hen C u A I S g 
and C u A I S e 2 Cs^ . w h i c h are regarded as po ten t i ona l cand ida tes for non 
l i nea r op t i ca l m a t e r i a l s in the in f ra red r e g i o n . 

A s a c o n t i n u a t i o n of the work on copper s u l f i d e s and s e l e n i d e s recen t l y the 
research has been ex tended to A g X T e 2 where X i s A l , Ga or In c o m p o u n d s , 
w h i c h a l s o m i g h t have a s u f f i c i e n t l y la rge b i r e f r i n g e n c e to be used in non -
l i near o p t i c s . The a l ence band s t r u c t u r e , the s e m i c o n d u c t i n g p rope r t i es 
andphase t r a n s f o r m a t i o n s of these c o m p o u n d s have been s t u d i e d [ ] 7 0 , 7 l ] and 
a l s o far in f ra red resonance was o b t a i n e d for A g l n T e 2 ( F i g . 1 0 ) . 

II IV V 
The A • B C 2 c o m p o u n d s are te rnary c o m p o u n d s w h i c h are i n s o m e way 

s i m i l a r t o the a ' I ' B * ^ s p h a l e r i t e c o m p o u n d s . There is a la rge l i s t of 24 k n o w n 
m e m b e r s of t h i s g roup t rea ted i n the l i t e r a t u r e t73J . F r o m the a m o u n t of 
wo rk w h i c h has been done i t cou ld be s a i d tha t the m a i n r e p r e s e n t a t i v e s of 
t h i s group of s e m i c o n d u c t o r s a re Z n S i P 2 , Z n G e A s 2 . Their p h y s i c a l p rope r t i es 
have been s t u d i e d | j 4 , 7 5 , 7 6 3 . 
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Fig . 10. Ref lect iv i ty of AglnTe2* points and curve 
obtained by a convMJter f i t t ing procedure (After Nikoh(i (ei* ] ) . 

8 . L A Y E R a ' ^ B ^ ' and a ' ^ B ^ ' 2 C O M P O U N D S 

Q u i t e a number m a t e r i a l s h a v e a layer s t r u c t u r e . For i ns tance t h e t r a n s i t i o n 
m e t a l d i c h a l c o g e n i d e s are abou t 60 in number and t w o t h i r d s of t h e m have 
layer s t r u c t u r e s . C r y s t a l s of t hese m a t e r i a l s can be c l e a v e d down to l e s s 
t han 100 A l?"^ ; so that s o m e au tho rs cons ider t h e m as t w o d i m e n s i o n a l 
m a t e r i a l s w i t h very weak Van der W a a l ' s i n t e r a c t i o n be tween the l a y e r s . 

The p h y s i c a l p roper t i es of t hese layer m a t e r i a l s are u s u a l l y c h a r a c t e r i s e d by 
e x t r e m e a n i s o t r o p y . S o m e of t he i r o p t i c a l , m a g n e t i c and t ranspor t p rope r t i es 
have been recen t l y r e v i e w e d [78,793 . M o s t of the o p t i c a l s t u d i e s on laye red 
c r y s t a l s have been concen t ra ted on those w h i c h are s e m i c o n d u c t o r s . O p t i c a l 
t r a n s m i s s i o n m e a s u r e m e n t s c a n be m a d e because very t h i n s a m p l e s can be 
o b t a i n e d i n the f requency range where the abso rp t i on c o e f f i c i e n t c a n be of 
t he order of even 10® c m " \ 

Our a t t e n t i o n w i l l be more concen t ra ted on t i n and g e r m a n i u m c h a l c o g e n i d e s 
( M X ) and d i a c h a l c o g e n i d e s ( M X g ) e . g . : S n S , G e S , S n S e , G e S e and S n S 2 , 
S n S e ^ , GeS2 and G e S e 2 . G e r m a n i u m and t i n c h a l c o g e n i d e c o m p o u n d s are 
i s o m o r p h i c s e m i c o n d u c t o r s w h i c h a re , in m a n y w a y s , i n t e r m e d i a t e be tween 
t w o - d i m e n s i o n a l ( l aye r t ype ) and t h r e e - d i m e n s i o n a l c r y s t a l s . They c r y s t a l i z e 
i n an o r t h o r h o m b i c ( d i s t o r t e d r o c k s a l t ) s t r uc tu re w i t h s t rong i n t r a - l a y e r and 
weak in te r laye r f o r c e s . 

S n S 2 and S n S e 2 have (88,893 the CdJ2 c r ys ta l s t r u c t u r e w i t h s y m m e t r y of 
t he space group , w h i l e G e S 2 and GeSe2 c r y s t a l i ze in an o r t h o r o m b i c 
l a t t i c e w h o s e s y m m ^ r y co r responds to the space group D ^ ^ . In a l l t hese 
cases Sn or Ge a t o m s ( M ) , are s a n d w i c h e d be tween two layers or e i t he r 
su lphur or s e l i n i u m a t o m s ( H ) , so that the un i t of th ree l aye rs ( H - M - H ) i s 
p e r i o d i c a l l y repeated a l ong the x - a x i s . 

A l l t he m e n t i o n e d S n and Ge cha l cogen ides and d i c h a l c o g e n i d e s have been 
g rown in our l abo ra to r y . It has been p o s s i b l e t o o b t a i n l a rge s i n g l e c r y s t a l s 
f r o m a l l these c o m p o u n d s . The c r y s t a l s were of a f o r m and s i z e , w h i c h can 
be used for m e a s u r e m e n t s of v a r i o u s o p t i c a l and t ranspor t p r o p e r t i e s . Thei r 
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op t i ca l p roper t ies were ob ta ined in the v i s i b l e and in f ra red ranges ex tended to 
the far in f ra red range [ 9 0 , 9 l ] . For a l l these s e m i c o n d u c t o r s r e f l e c t i v i t y 
m e a s u r e m e n t s had been done f i r s t l y us ing nonpo la r i zed [ 8 3 , a n d recen t l y 
p o l a r i z e d l i gh t beam [ 8 5 , 8 6 , 8 7 , 8 8 ] . For e x a m p l e , r oom tempera tu re r e f l e c t i v i t y 
of S n S in the f requency range 50-350 c m " ^ for l i gh t po la r i zed w i t h E j | a ; 
E | | b and E(|C is g i ven [ 8 ^ in F igure 11. In the case of E | | a three peaks co r -
respond ing to th ree _oscil la tors are observed . S i m i l a r expe r imen ta l r esu l t s 
were a l so ob ta ined ^87] for GeS and are g i ven in F igure 12. The f u l l l i n e 
cor responds to room tempera tu re data and the broken l i ne show the 77 K 
resu l t s where they d i f f e r f r o m the f o r m e r . 

0.5 

as 

K lla 

Kllb 

0.5 

Kllc 

100 200 300 
o<(cm-') 

Fig . 1 1 . Averaged ref lect ivi ty versus wavenumber curves for F ig . 12. Ref lect iv i ty of GeG In tfie far Infrared for the three 
E | | a , E | |b and E | | c for an n- type SnS sample at ,300 K . principal polarizations at 300 K and 77 K. which is shown 

(After Chamberlain at a l . ^86] ) . wi th the broken l ine (After MihaJlovi<! at al r 8 7 ] ) . 

The room tempera tu re r e f l e c t i v i t y da ta of QeSe2 in the p r i nc ipa l p o l a r i z a t i o n 
[90 ] ( E | | a and Elj b ) in the range between 40 and 450 cm"" I are g i ven in 

F igure 13. For l i gh t po la r i zed at E | (a f i v e " r e s t s t r a h l e n " peaks were observed 
but on l y one in the case E | | b . Us ing a f i t t i n g procedure and a four parameter 
s e m i q u a n t u m m o d e l , in t roduced by Gerva is ( 9 l ] and P i r i o u ( 1 9 7 4 ) , the 
f requenc ies and d a m p i n g fac to rs of the t ranverse and long i tud ina l op t i c m o d e s 
have been o b t a i n e d , and are g i ven in Table 1, together w i t h the resu l t s of the 
K r a m e r s - K r t i n i g a n a l y s i s . 

These va luses for the op t i ca l mode are in good agreement w i t h the p o s i t i o n s 
of the abso rp t i on peaks ob ta ined by Zacharov ^92] et a l . 

(1973) m e a s u r i n g the t r a n s m i s s i o n of powdered GeSe2 pressed together 
w i t h p o l y e t h y l e n e . 

The ra t io of in t ra layer and in ter layer fo rce cons tan t s can be e s t i m a t e d f r o m 
the resu l t s of both inf rared r e f l e c t i v i t y and R a m n - s c a t t e r i n g e x p e r i m e n t s . 
Th i s ra t io inc reases for sem iconduc to rs w h i c h are l a y e r l i k e ( a n i s o t r o p i c ) . 

19 

http://rcin.org.pl



One shou ld c l a s s i f y the in f rared and R a m a n a c t i v e phonons In t e r m s of 
three d imens iona l s y m m e t r i e s foe the s tud ied c r y s t a l . For Ins tance , GeS 
has a th ree-d lmen-^ iona l space group and the cen t re of i nve rs ion s y m -
met ry is for GeS between the l a y e r s . The re la t i ons be tween phonons for 
ind iv idua l layers and t h r e e - d i m e n s i o n a l c r y s t a l s are g i ven In II t . Css] , f o r 
GeS w i t h 8 a t o m s per un i t c e l l . Due to a centre of i nve rs ion be tween the 
layers , the op t i ca l a c t i v e modes s p l i t in to Raman ( R ) and in f rared ( I R ) 

2 0 0 3 0 0 
WAVE NUMBER (criil) 

Fig . 13. Experimental infrared ref lect ivi ty (open c i rc les) for GeSe2 in ttie 
range l>etween 50 and 450 cm"'* at 300 K for polarized l ight: E ||e and E | | b . 
The solid l ines were calculated using t t ^ parameters given in Table 1 for 
the four-parameter semiquantum model . (After Popovic at a l . & 0 ] ) . 

T a b l e 1 

P A R A M E T E R S U S E D TO FIT THE INFRA RED REFLECTIV ITY DATA FOR 
GeSe2 WITH THE S E M I Q U A N T U M M O D E L A R E G I V E N TOGETHER WITH 

RESULTS OF THE K R A M E R S - K R O N I G A N A L Y S I S . F R E Q U E N C I E S A N D 
D A M P I N G CONSTANTS A R E E X P R E S S E D IN UNITS OF c m - l . (A f te r 

Popov I (i at al [90 ] ) . 

! 

WjTO i ^ j T O t 
»-iLO Y j L O H ' è j T O 

OO ' 
.»^jTO i ^ j L O ^ j L O 

8 6 . 6 5 89 5 1 ® ® : 5 89 1 5 
j 103.7 i 104 4 ¡103.7 0 . 8 104 1 0 . 8 
! E a 260 1 272 5 3 262 1 272 15 7 

272 2 279 2 269 12 277 2 
282 4 290 10 281 3 291 3 

E b 256 8 288 8 5 256 2 286 2 10 

a c t i v e v i b r a t i o n s . This s p l i t t i n g shou ld manage If the In ter layer fo rces are 
neg lec tab le and v i c e v e r s a . R a m a n spec t ra together w i t h the r e f l e c t i v i t y da ta 
can be used to ob ta i n the f requency s p l i t t i n g paramete rs bes ides the ra t io of 
the fo rce cons tan ts men t i oned above . Table 2 s u m m a r i z e s the s p l i t t i n g s 
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together w i t h the f requenc ies o^ the cor respond ing in t ra layer m o d e s , sp l i t t inç 
fac to rs A and va lues of ( ^ o / û w h i c h represent a measu re of the ra t io of 
in t ra layer to in ter layer fo rce cons tan ts for each pai r of phonons . 
The ob ta ined va lues ind ica te that GeS i s a pa r t i cu l a r l y i n te res t ing e x a m p l e 
of a layere compound in wh i ch the three d imen t i ona l s t ruc tu re , w h i l e not 
be ing d o m i n a n t , has an impor tan t i n f l uence . It w i l l be very i n te ras t i ng to 
see if the other I V - V I semiconduc to rs i somorphs of GeS ( S n S , S n S e , and 
GeSe)are more l a y e r l i k e . 

T a b I e 2 

THE F R E Q U E N C I E S OF THE THREE P A I R S OF R A M A N A N D INFRARED 
A C I T V E PHONONS A R E G I V E N TOGETHER WITH THE C O R R E S P O N D I N G 
V A L U E S OF THE O B S E R V E D PHONON F R E Q U E N C I E S ( and V - ) , 
Vo , SPLITTING F A C T O R S , , A N D THE RATIO OF INTRALAYER TO 
INTERLAYER FORCE C O N S T A N T S . (A f t e r M i h a j l o v i c at al [s?] ) . 

Spl i t t i n g V . Vo A 
315 269 292 118 6 

^ u -
258 238 248 71 12 

118 111 115 28 16 

SnS is a compound wh i ch can be used as a detector of v i s i b l e and near 
in f rared rad ia t i on . The pho toconduc t i v i t y response cha rac te r i s t i c s for s a m p l e s 
w i t h the S n - S n and S n - l n con tac ts are shown in Figure 14. When , on the 

0,6 0,7 0,8 0,9 1,2 1.3 X ( P M ) 

F ig . 14. The photoconductivity response characteristics for SnS samples 
with the S n - S n contact ( 1 ) and S n - l n contacts ( 2 ) . (After N i k o l i i a l 

a i . S a : ) . 
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con t ra ry , the In con tac t was exposed to m o n o c h r o m a t i c chopped l i g h t , the 
i n tens i t y of the photocurrent was m u c h h ighe r . The pho toconduc t i v i t y response 
for two SnS s a m p l e s w i t h S n - l n con tac ts are shown in Figure 15. S a m p l e 
" A " had a photocurrent about l o t i m e s lower than samp le " B " . For both s a m p l e s 
two m a x i m a were observed at the s a m e wave lengh t but the ra t io of the i r 
i n t e n s i t y was d i f f e r e n t . The observed m a x i m a appeared perhpas because of 
s o m e lower energy band t r a n s i t i o n . This behav iour is s t i l l not q u i t e we l l 
unders tood because a re l i ab le energy band s t ruc tu re of SnS is s t i l l not 
ava i l a b l e . 

10 

Fig . 15. The photoconc*jctivity response characteristics of two SnS 
samples (A and B) with S n - l n contacts when the In contact was 
exposed to monochromatic chopped l ight. (After Njkol i^ et al [93] ) , 

9 . C O N C L U S I O N 

In c o n c l u s i o n one can say , f i r s t of a l l , tha t so much research has been done 
on such a great va r ie ty of new m a t e r i a l s that i t i s very d i f f i c u l t to say wh i ch 
m i g h t be w i d e l y used in the near f u t u r e . Our f e e l i n g is that G a A s - G a P and 
G a A s - l n A s are a l l o y s w h i c h m i g h t soon f ind the greater use . 

Fer romagnet i c sem iconduc to rs l i k e CdCr2Se4 and CdCrgS^ shou ld be 
m e n t i o n e d too because, w i t h the he lp of s c i e n t i s t s who are f a m i l i a r w i t h 
s i n t e r i n g procedures the qua l i t y of these m a t e r i a l s m i g h t be s u f f i c i e n t l y i m -
proved for t hem to be used in p r a c t i c e . Moreover I V - V I compounds and 
a l l o y s m i g h t become more i n te res t i ng i n the fu ture for some spec ia l dev i ces 
such as detec tors and e m i t t e r s in i n f ra red . 

F i n a l l y we be l ieve that the techno logy of p roduc ing s e m i c o n d u c t o r s of 
h igh m e l t i n g tempera tu re , h igh energy gap and h igh m o b i l i t y w i l l soon reach 
the s tage that d i amond , boron and s o m e compounds ( B N , S i C , A | N e tc ) 
w i l l b e c o m e of c o m m e r c i a l i n te res t . 
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