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CRYSTAL GROWTH AND CHARACTERIZATION OF AgGaS2 

K.Hasumoto"·b and K.Hochizuki" 

ーDepartment of Electronic Materials Faculty of 

Science and Technology, Ishinomaki Senshu 

University, Ishinomaki 986 Japan 

bT he Research Institute for Electric and Magnetic 

Materials, Yagiyama-minami Sendai 982 -Japan 

Phase diagra阻， crystal growth and lattice defect 

control of AgGaS2 were investigated. Opthu1 

growth conditions were examined for both vapor 

and melt growths. The origin of PL was discussed 

in connection with the controlled lattice defects. 

AgGaS2, a I-III-VI2 chalcopyrite type se図iconductor, is expected to be one 

of the candidate materials for a nonlinear optics and a blue e・itting diode. 

In this study, an attention has been paid to so11e of the important and basic 

problems and they are as follows : (1) T o  clarify the pressure-temperature 

diagram which is indispensable for compound se殴iconductors. (2) Exa1ination of 

growth conditions in obtaining high quality single crystals for both vapor and 

melt growths. (3) Assignment of native lattice defects responsible for the 

obvious emissions observed in PL spectra. The emission mechanisms of the lines 

newly observed in the band-edge region are also discussed. (4) Attempt of 

intentional Zn-doping which aims at selective substitution of Zn for Ga site and 

p-type conductivity. 

(1) P-T diagram of AgGaS 2 

T o  the author’s knowledge, so far, a P-T diagram of AgGaS2 has not been 

published, therefore in the present experim ents, the diagram was madeむy the 

visual observation of surface melting /1/. Solid and broken lines in Fig.1 

shows the lquidus of AgGaS2 as a function of the controlled vapor pressures of 

sulfur (Ps2). The liquidus temperature decreased gradually over the temperature 

range of田ore than 100 K with decreasing Ps2・ This is the reason why the 皿e 1 t­

ing point data reported so far /2,3/ is so scattered. From the fig ure, stable 

range of solid phase beca血e clear. 

(2) Growth conditions and characteristics of grown crystals 

(i) Chemical vapor growth by iodine transport method /4/ 

K. MochizukiK. Masumoto



!Dethods were used from the melt growth of � 101
α 

AgG�S2・ ，Growth p＿�rameters such as growt h 七
r�te, te.�1附＿ature g.��dient at growing � 

c 
interf�ce �nd source composition were 3 
changed to obtain a good quality single 

cryst als. Transparency and the sizes of 

the grown crystals depended effectively 

on the growth conditions. Growth rate 

less t han 11 皿皿／day is required to obtain 

single crystals of t he size larger than 

Fig. 2 shows a t ypical growth rate as 

a function of the amoun.t of. iod,ine as a 

transport agent. The behavior is quanti­

tatively explained by vapor diffusion C?f 
gas e o u s m o le cu l es w h i ch l i m i t the _gr ow t h

rate /5/. The �s-grown crystals were 

transparent yellow and in two forms. A 

relation between crysta,l form and growth 

condi tion is shown in Fig. 3, and good 

single cryst als in rod form were obt ained 

at the transport rate less than 10 mg/day 

and at the growth temperature higher than 

1150 K. The dimensions of the biggest 

plate crystal were 6x5×2 mm3. A·s shown 

in Fig.4, t he PL spectra of the crystals 

were dependent on the amount of iodine 

and t hey 、consisted of red band (2.02 eV) ,  

green band (2.48 eV) and blue peak °(2.63 

eV� . B�n,d edge-emissions with the energy

clo�e t q  2. 1 eV were observed only for 

the cryst als with t he iodine less t han 

0.18 mg(c皿3. From the fact th'at the

e�ission i�te�sity of the free excitonic 

lin� for the grown crystals decreases 

with increasing the quantity of iodine, 

it was suggested tnat unidentified non­

radiative center was created in t he 

cryst al by the incorporation of iodine. 

(ii) Growth from the melt 

Bridgman and G.F.(Gradient Freezing) 
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(Ga2S3 excess composition) . In the case that the source composition is excess 

with GaεS3, the composition of the grown crystal should deviate from stoichio­
metry to the side of Ga and S excess region and thi s 血eans that native defect 
like Ag vacancy will be created in the grown crystal. Therefore, the observed 
near band-edge e皿issions seem to be related to Ag vacancy. 

(3) Heat-treatment of AgGaS2 and a relation between the origin of PL and the 

controlled lattice defect 

(i) Heat-treatment in sulfur vapor 

Fig. 6 shows PL spectra at 4.2 K of the crystals heat-treated only under 

controlled Ps2・ It is known that near band-edge emissions at 2.63 and 2.673 eV 

disappear for the crystals heat-treated under low Ps2 and appear again under 

high Ps2・ This supports that the emissions are related to the defect like metal 

vacancy. 

(ii) Heat-treatment under controlled vapor pressures of two constituent 

elements 

Fig.7 shows the heat-treatment apparatus for specifying the two component 

activities of AgGaS2・ The sample was put in the sample chamber together with 

Ga2S3 powder or AgGaS2 powder having 5 % Ag2 S excess composition and heat-

treated under controlled Ps2 ・ Fig.8 shows the PL spectra at 4.2 K of the 

As seen in the crystals heat-treated with Ga2S3 powder under controlled Ps2・

figure, the intensity of the near band-edge emissions observed at 2.63 and 2. 673 

eV increases with increasing Ps2・ This suggests that the emissions relate Ag 

vacancy or sulfur interstitial (Si), because Ga element is saturated on the 

sample Psz!Pa 
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Zn was added to the charge for the melt growth, aiming the substitution of Zn 

for Ga site and so, the s a皿e amount of Ga in the charge is replaced with that 

of Zn. Fig.12 shows band-edge PL spectra at 4.2 K for the sample grown from 

the charge with 100 ppm Zn. It is known that I 1 line and its excited state are 

only seen. This is the possible evidence that Zn is replaced by Ga and p-type 

conductivity. 

The authors would like to thank to Profs. ¥.Furukawa and Y.Noda at Tohoku 

Univ.ersity, and Mr E.Niwa and Dr. N.Nakamura at The Res. Inst. for Electric and 

Magnetic Materials for helping the experi ments and discussing the results and 

encouragements. 
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SOLUTION GROWTH OF BULK CuGaSz CRYSTALS 

Hideto Miyake and Koichi Sugiyama 

Faculty of Engineering, Mie University, Tsu, 

Mie 514, Japan 

Growth of CuGaSz chalcopyrite crystals at temperatures 

below 1000 °c from In solutions has been studied. Bulk 

single crystals of CuGaxln1-xS2 ( 1-x～0.05) have been 

grown at 930 °c by the traveling heater method (THM) 

using zones of In solution containing S-excess solute. 

1. Introduction 

Bulk single crystals of chalcopyrite compounds are required for both device 

application and detailed characterization of the compounds/l/. Recently, bulk 

crystals of CulnSz /2/ and CuGaSez /1/ were obtained by the THM growth with I 11 

solvent. For CuGaSz , detailed optical and electrical properties have been 

investigated using crystals grown b y  iodine transport and melt growth 

methods/3/, but reports on bulk single crystal growth are rather few. Solution 

growth technique using In as a solvent/4, 5/ is promising for obtaining large 

CuGaSz crystals, as in the case of CuGaSez/1/. We investigated the phase diagram 

of CuGaSz- In pseudobinary system and revealed that there exists a miscibility 

gap in the liquid phase; i.e., the In solutions saturated with stoichiometric 

CuGaSz solutes at temperatures below 1020 °c are separated into two liquid 

phases (S-excess and S-deficient)/6/. On the basis of the result, we obtained 

relatively large single crystals of CuGaxln1- xS2 (1- xく0.06) by using the 

solution Bridgman method (SBM) with 8-excess In solutions/7/, and by using the 

THM at 1050 °c with In solutions containing a stoichiometric CuGaSz solute/8/. 

However, for growth of high quality bulk single crystals without strains and 

defects, it is desired that the TH阿growth is performed at lower もemperatures.

S-excess non-stoichiometric CuGaSz solutes are required for the so1mtion growth 

of CuGaSz chalcopyrite crystals at temperatures below 1020 °C/7/. But the range 
of amounts of the excess sulfur for the CuGaSz growth has not been determined. 

In this work, we investigated the range of the excess sulfur z。r obtaining 

CuGaSz chalcopyrite crystals from In solutions below 1000 °c. TllM �1P(t)Wth o f  bulk 

Cu G aS 2 cry s ta l s was car r i e d o u t at 9 3 0 ° C u s i n g z on e s o f t h e �S -e x c e s s I 11 

solutions. 

- 9 -



2. Compositi ons of solutes in In solutions for growth of CuGaSz at temperatures 

below 1000 °c 

For investigation of the growth conditions of CuGaSz chalcopyrite crystals 

from In solutions, the SBM growth was employed/7/. The amount of a mixture of 

elemental Cu, Ga and S for the solute was 6-8 g, and that of In used as a 

sol vent was about 5 g and was taken as Ga: I n=l: 1. 5. The atomic ratios of the 

solutes are listed in table 1. The purities of all elements were 6N grade. They 

were inserted in a pointed carbon-coated quartz ampoule with 9.5 mm ID and were 

vacuum-sealed at 100 mm in length. Preparation of In solution from the mixture, 

determination of the l iqui dus temperature and SBM growth were performed in the 

same way as in refs. 6 and 7. The liquidus temperature for the 
·
In solution 

containing a stoichiometric CuGaSz solute is about 930 °c, and that for the In 

solution containing a solute with a composition o f  Cu:Ga:S=1:1:3 i s  about 

945 °c. The lowest portion of the grown crystal, that solidified initially from 

the In solution, was used for character ization. The crystal structure was 

examined by X-ray powder diffraction (XD), and the composition was determined 

using energy-dispersive X-ray microanalysis (EDX). Existence of two liquid 

phase$ was examined in the same way as in ref. 6. 

Figu I、c 1 (a) shows an XD pat tern of the crystals grown from In solution 

containing a solute with a com�osi ti on of Cu: Ga: S=l: 1: 2. 4. The crystal was 

confirmed to be single phase with a chalcopyrite structu re. Chalcopyrite 

crystals were also obtained from In solutions having solute compositions of 

C u:G a : S = l:1:2 .7-3.3 . F o r  I n  s o l u t i o n s  h avi n g  s o l u t e  c o mp o s i t i o n s  o f  

Cu:Ga:S=1:1:2.0-2.3, the solutions were separated into two liquid phases at the 

liquidus temperatures, as described in ref. 7. For In solutions having solute 

compositions of Cu:Ga:S=l:1:3.5-4.0,, growth of dark red crystals was observed at 

the lowest portion of solidified ingot. Their XD patterns indicate a cubic 

Table l. Structures and compositfons of grown crystals and numbers of liquid 

phases at liquidus temperatures. 

1: 1: 2 
1: l: 2 . ·4 
1: 1�2 , 7 

1.1: 1:2.7 
i :· 1: 3 
1: l: 3. 3 
1: 1: 3. 5 .. 1: 1: 4 

. ：ょ、－·grown crystal 
·cr�sta.l. . ,. compqsition ,,(at.χ） ＊＊ ” ‘ a 

structure Cu Ga S In 

Ch 25.7 24.0 49.2·· 1.0 
ch 24.7 ・23.5汁50.5 .. · 1. 3 
_Ch .25.4 23.7 4.9.c9 1.2 
Ch 25.5 24.1 49.6 0.3 
ch 2 6 . '7 2 2 . :z 4 7 . '8- 3 ;. 3 
Ch 24..9 18.4 50.0 6.7 

23.7 17.5 45.5 13.3 
25.2 18.6 42.5 13.8 
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4. Conclusion 

The solution growth of CuGaSz from S-excess In solution at temperatures 

below 1000 °c has been investigated. I t  has been established that crystals grown 

from I n  solutions containing solutes with Cu:Ga:S=l:1:2.4-3.3, corresponding to 

a single liquid phase, have a chalcopyri te structure. On the basis of the 

result s, bulk single crystals of CuGaxln1-xSz (1-x～0.05), whose dimensions 

are 10 mm in diameter and 25-35 mm in length, have been grown at 930 °c by the 

THM using In solutions containing a solute with Cu: Ga:S=l:1:2.53. 
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STOICHIOMETRIC CONTROL FOR 
CuinSe2 BULK SINGLE CRYSTALS 

S.Nomura, M.Sugiyama and T.Takizawa, 

Department of Physics & Applied Physics, College of 

Humanities & Sciences, Nihon University, Tokyo 156, Japan” 

Composi t ional var iat ion around the stoichiometry of the mel t­

grown CulnSe2 was invest igated. Locat ion-dependence of 

composi t ion in bul k  crystals was studied by the EPMA method. 

The crystal I izing mechanism is proposed on the basis of these 

exper imental results. 

1 .Intrcxfuct ion 

In g ene r a l ,  i t  i s  d i f f i cu l t  t o  ma k e  s ome s y s t ema t i c d i s cu s s i on on t h i n  

f i l m p r o p e r t i e s wh i ch ha v e  s ome comp l ex p r ob l ems s uch a s  g r a i n bound a r y  

cond i t i on s .  A l s o, i n  t he ca s e  o f  Cuin S e 2 ,  mo r e  s y s t ema t i c i n t e r p r e t a t i on f o r  

the f und amen t a l  p r o p e r t i e s s h o u l d  b e  ma d e  f i r s t  on b u l k  c r y s t a l s  /1/. 
In t h i s p a p e r , compo s i t i ona l s h i f t  f r om t he s t o i ch i ome t r y f o r  C uin S e 2  i s  

s y s t ema t i ca l l y c l a s s i f i ed i n t o  n i n e  t yp e s  i n  t e r m s  o f  t h e  d i f f e r ence s  i n  

( C u  / I n ) a nd ( C a  t i on /-An i on ) mo 1 a r r a t i o s . S ome t yp e s  o f  s i n g l e c r y  s t a l s w h i ch 

ha v e  the comp o s i t i ons n e a r t h e  s t o i ch i o me t r y we r e  s yn t he s i z e d f r om h i gh l y  

r e f i n ed e l em en t s by t he me l t i ng metho d. V a po r p r e s s u r e  o f  s e l en i um wa s 

cont r o l l ed d u r i ng t he c r y s t a l l i z a t i on. The l oca t i on-d epend ence o f  comp o s i t i on 

i n  bu l k  c r y s t a l s  wa s me a s u r e d by the EPMA me thod. Then, the r e l a t i on s h i p  

be t we en t h e  cond uc t i v i t y t ype s and t h e  m e a n  v a l ence i s  d i s cu s s e d. A new i d e a  

f o r  t h e  chem i ca l e q u i l i b r i um r e act i on i n  the me l t  o f  C u -In - S e  sy s t em i s  

p r e s en t ed. 

2. Classif icat ion of the compos itional sh i f t  around the stoichiometry 

On cons i d e r i n g the s t o i ch i ome t r i c con t r o l f o r  C uinS e 2 ,  ( Cu /In ) and 

( C a t i on / An i on ) ( o r  ( An i on / C a t i on ) ) mo l a r  r a t i o s  a r e  f r e q u en t l y  use d  a s  

p a r ame t e r s  /2/ i n  o r d e r  t o  e xp l a i n the p r o p e r t i e s .  Howe v e r, s y s t em a t i c 

t r e a t ment o f  t he s e  pa r a me t e r s  ha s no t be en comp l e t e d. Ta b l e 1 l i s t s  r e s p ec t i v e 
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t h r e e  t y p e s  o f  t he ( Cu / I n )  a nd t h e  ( C a t i on /An i on )  { a b b r e v i a t ed a s  { Cn / An ) 

h e r e a f t e r )  mo l a r r a t i o s c l a s s i f i ed a c c o r d i ng t o  whe t he r  t he s e  p a r ame t e r s  a r e  

mo r e  t ha n , e q u a l t .o  o r  l e s s  t �a n  u n i t y . E y e q  c om b i ,n a d o n  o f  t h e  r e s p e c t i v e 

t h r e e  t yp e s  o f  ( Cu / I n )  a nd ( Cn /An ) r a t i o s l i s t ed i n  T a b l e  1 c o r r e s po nd s t o  

n i n e t yp e s 。 f t he 、 c ompo s i t i on a l ; s h :i f  t a’s s hown i n  T a b l a  2 ,  whe r e  t he ( Cu /  I n )  

a nd ( Cn /An ) r a t i o s v a r y  w i t h  t he c ompo s i t i on a l s h i f t  p a r ame t e r s δ a nd ε ，  

r e s p e c t i ve l y . The s e  t yp e s  o f  t he compo s i t i on a l s h i f t s  c a n  b e  e xp r e s s ed on t o  

t he m e a n  v a l en c e  v a r i a t i on a s  a f u n c t i o n  o f  δ w  i t  h ε v a r i ng f r om 0 t o  1 0 % a s  

s hown i n  F i g .  1 .  

I n  adama n t i ne s , condu c t i v i t y t y p e s  a r e  d e t e r m i ned by t h e  me a n  v a l e n c e . 

T h e  mea n  va l e n c e  i s  mo r e  t h a n ” 4 ” i n n -t y p e , a nd l e s s  t h a n ” 4 ” i n p -t y p e , 

r e s p e c t i ve l y . Mo r eo v e r , v a l ue s  -, o f.  t h e  me a n . v a l e n c e  l a r ge l y  d e v i at ed f r om ” 4 ”  

i nd i c a t e  bad c r y s t a' l l i n i t y ha v i n g many · ’ d e f e c t s  s uch · a s  v a·c a n c i e s  o r  

i n t e r s t i t i a l s . Ma t e r i a l s d e s i gn w i t h  w i d e  v a r i a t i on i 'n c a r r i e r’ cb n c e n t r a t i o n 

o f  b o t h  t y p e s  i n  c ondu c t i on wou l d  b e  mqde i n  t he r c -t y pe  ( i . e .  

C u i n 1 + 6 S e 2 + .s +1: ) ma t e r i a l s  by  ad j u s t i n g  s h i f t  p a r ame t e r  s δ a nd ε w i t h o u t  s ome 

b ad i n f l uenc e s  on c r y s t a l l i n i t y .  

I n  t h.i s  p a p e r , we t r e a t t he α －t y p e  ma te r i a l s  ( i . e . α a ...：. ， α b - a nd α c ­

t y p e s ) a s  t he f i r s t  s t ep  t o  t h e  d e s t i n a t i on , i . e .  t he γ c -t y p e . 

4 . 2  
T a b l e  1 R e s pe c t i v e t h r e e  t y p e s. o'f 

( Cu / I n )  a nd ( C a t i o n / An i on )  

= l  ) 1 く l 4 .  1 
C a t i o n /An i on I α  

C u / I n  I a c 
＠ υ 己申.-1 
� 4 . 0 ’ － － － 
c 伺＠ ::t 

T a b l e  2 N i n e c omp o s i t i o n a l t yp e s  
a r ourid t h e  · s t o i c h i ome t ry  
o f  C u i n S e 2 ・

3 、 9
Ty_pe Compo s i t i o n 
α a  C u l n S e 2 
α b  Cu 1 + 0 I n S e 2 ＋ δ 白
α c  C u l n 1 + 0 S e 2 ＋ δ  
β a ( Cu l n )  1 ＋ ε ／ z S e 2 
β b ( Cu 1 ＋ 占 I n )  I ＋ ε ／ 2  S e 2 
β c ( Cu I n  1 + a ) t ＋ ε ／ z S e 2 
γ a Cu l n S e z ＋ 正
γ b Gu l 斗 o I n·s e t 午 δ ＋ £. .ペ
y. c Cu i n_i + a S三五＋ δ ＋ ε

3 . 8  
0 

‘‘．

 

EJ
，．、xu

 

1 0  

F i g .  1 Comp o s i t i o na l t y p e s  e x p r e s s ed 
o n t o  t h e me a n  v a l e n c e  v a r i a t i o n 
a s . ;a ,  fun c.t i o n  o f： δf w: i . t h · ε 
v a r i ng f r o 111 0 t o  1 （〕 % .

3 .  Experimental Procedures T ・ 1

'S i n g l e  c r y·s t a l s  of  v a r 'i o u s  t y p e s· i h 1  -c'ompo s i t fo n  we f e  s y n t h e s ’I zed · · f rom 

c o p p e f ' i nd i'um a nd s e l e n 1  um · e l em e n t  s ’ o f  9 9 . 9 9 9 9'.Z ・ pu r ' i  t y b y  ' th w me l t i rlg · rri e t  hod 
u nd e r  t h e  co n t r o l  o f  t h e  v a po r  p r e s s u r e  of  s e l e n i um .  
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Lo c a t i on -d e p e nd e n c e  o f  t he c ompo s i t i on i n  bu l k  c r y s t a l s  wa s s t ud i ed u s i n g 

t h e e l e c t  r o n  p r o b e  m i  c r o a n  a l y z e r  .( E P MA ) , J E 0 L J EM -2 0 0 0 EX . 

4.Resul ts and D i scussions 

4. 1 Locat ion -dependence of the compos it ion in a bulk of the α a- t ype. 

L o c a t i o n -d e p e nd e n c e  o f  t he compo s i t i on wa s a n a l y z ed o n  a s i ng l e  c r y s t a l  

c h i p  o f  7 x 3 x l mm3 c u t  f r om a n α a - t y p e  s amp l e .  T h i s  mono l i t h i c  c h i p  c o n s i s t s  

o f  a pa r t  o f  n - t y p e  c o ndu c t i on a nd a p a r t  o f  r a t h e r  l ow r e s i s t i v e p -t y p e  o n e . 

T h e . conduc t i on t y p e s  we r e  c o n f i rmed by  t h e h e a t  p r o b e  mea s u r eme n t . C ompo s i t i o n 

w a s  a n a l y z ed i n  1 2 x 3  ma t r i x  po i n t s  i n  t h e bu l k .  A s  s hown i n  F i g . 2 ,  t he t h r e e  

l i n e s  i n  t he ma t r i x r ep r e s en t  t he u p pe r , t h e  m i dd l e  a nd t he l owe r pa r t s  

a g a i n s t  g r a v i t y  1 n  t h e 

c r y s t a l l i z a t i on .  The  ma x i mum 

t emp e r a t u r e  a pp l i ed in  t he c r y s t a l  

g r o w t h  w a s  h i g h e r  i n  t h e n - t y p e  r eg i o n 

t h a n  i n  t he p - t y p e  one . F i gu r e  2 s hows  1. 1 

t h e l o c a t i o n -d e p e nd e n c e  

( Cu /  I n ) , t h e  ( C n /  An ) a nd 

o f  t h e 

t he me a n  

v a l e n c e  Vm i n  t h e bu l k . F r om t h e  n ­

t y p e  r e g i o n t o  p - t y p e  o n e , t h e  

comp o s i t i on v a r i e s f r om I n -r i ch ( o r  

C u -d e f  i c i e n  t ) t o. Cu -r i ch ( o r  I n -
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ロ叫〈

0. 9 
1. 1 

コミ 1. 0 
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d e f i c i e n t )  a nd a n i o n-r i c h t o  c a t i on - 0. 9 
4. 1 

r i c h . A s  me n t i o n ed i n  S e c t i o n 2 ,  

t h i s n -t y p e  t o  p -t y p e t r a n s  i t i o n  c a n  � 4 .  o 
b e  s i mp l y  unde r s t ood b y  t h e me a n  
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v a l e n c e  va r i a t i o n f r om mo r e  t h a n  

” 4 ” t o l e s s  t ha n ” 4 ” . T h e  i n f l ue n c e  o f  

g r a v i t y wa s r ema r k a b l e  e s p ec i a l l y  

i n  t h e l owe r t emp e r a t u r e  pa r t . 

F i g .  2 Lo e a t  i o n -d_e p e nd e n c e  o .f  

t h e  f undame n t a l  p a r ame t e r s  

i n  a bu l k  o f α a -:- t y p e . 

4.2 Ef fect of sel en i um vapor pressure on t he α b- and , t he α c - t ypes . 

F i gu r e s  3 ( a )  a nd ( b )  a r e  s o -ca l l ed r a d a r ch a r t s  s ho w i n g t h e  

r e l a t i v e r e l a t i o n i n  t h r e e  p a r a m e t e r s , t h e  ( C u / I -n ) , ( C n / An ) r a t i o s a n d 

t h e  me a n  v a l e nc e V m , i n . t h e  I n --d e f  i c i e n  t α b - a nd C u -d e f  i c-i .e n t  a c - t y p e s , 

r e s p ect i v e l y . I n  t h e s e  f i g u r e s , f o r  e x a m p l e ,  t h  e α b 1 s o l O r e p r e s e n t  s α b - t y p e  

s a m p l e  o f  δ ＝ 1 0 % a p p l i e d w i t h  t h e  v a p o r  p r e s s u r e  o f  s e l e n i um o f 1 5 0  t o r r . I n  
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b o t h  c a s e s , t h e i n i t i a l  c h a r g e  o f  

e l eme n t s w a s r e t a i n e d  mo s t  i n  t h e 

m a t e r i a l s  o f  δ ＝ 1 0% a p p l i e d w i t h  

t h e s e l e n i um v a p o r  p r e s s u r e  o f  1 5 0 
t o r r .  M o r e o v e r ,  t h e r e  a r e  c l o s e  

r e s em b l a n c e s  b e t w e e n α b  o l O  a nd 

α b  1 5 0 0 5 ,  a nd a l s o b e t w e e n α c  0 1 （〕
a nd α C  1 5 0 0 5 ,  wh i c h s u g g e s t s  t h a t  

t h e  s o l u b i l i t i e s o f  C u  a n d I n  i n t o  

v .. 
3. 95 
～ 4 . 05 
( a  ) 

(Cu / I n) 
0. 8 
～ 1 . 2 

一 α b 。 1 0
ー α b I 5 0 1 0  

α b  I s 。 05

(Cn/An) 
0. 95 
～ 1 .  05 

α b  - t y p e 

Ym 
3. 95 ～ 4. 05 
( b )  

(Cu/ In) 
0. 8 
～ 1 . 2 

一 α C 。 1 0
ー α C 1 5 0 1 0 

α C  I 5 0 05 

(Cn/An) 
0. 95 ～ 1 . 05 

α c - t y p e 

C u - I n -S e  m e l t  a r e  i n c r e a s e d b y  

s u p p l y i n g t h e v a p o r  p r e s s u r e  o f  

s e l e n i um .  

F i g . 3  E f f e c t  o f  t h e v a p o r  p r e s s u r e  o f  

s e l e n i um o n  f u nd a m e n t a l  p a r a me t e r s  

f o r  ( a ） α b - a nd ( b ） α c - t y p e s . 

t+.3 Chemical equ i l ibrium react ion in Cu - In - Se system 

I n  o u r  c r y s t a l  p r e p a r a t i o n ,  t w o b i n a r y  c o mp o u n d s  I n 2 S e 3  a nd C u 3 S e 2  w e r e  

f o u n d  t o  b e  c h em i c a l l y v a p o r -d e p o s i t e d o n  t h e l o w e r t em p e r a t u r e  p a r t  i n n e r  a 

q u a r t z  a mp o u l e ,  i nd i c a t i n g v o l a t i l e d e c omp o s i t i o n o f  t h e s e b i n a r y  c o m p o u nd s 

f r om t h e me l t .  We.  a s s ume t h e f o l l o w i n g s e r i e s o f  t h e c h e m i c a l  e q u i l i b r i um 

r e a c t i o n s  f o r  t h e me l t  o f  C u - I n - S e  s y s t em i n  t h e c a s e  o f  i n c l ud i n g s ome e x t r a  

a mo u n t  o f  s e l e n i um :  

( A ) l 2 C u l n S e 2 ( l ) + S e 2  { g ) t h e  v a p o r  p r e s s u r e  o f  s e l e n i um ( P s e )  d e c r e a s e s , 

o r  t h e t em p e r a t u r e  o f  t h e me l t  ( Tm )  d e c r e a s e s , 

( B )  l 2 C u l n S e 2  ( l ) + 2 S e ( l ) ; P s  e i n c r e a s e s , o r  Tm i n c r e a s e s , 

( C ) 4 C u 3 S e 2  ( g } + 6 J n 2 S e 3  { g ) ; P s e d e c r e a s e s , a nd Tm f u r t h e r  i n c r e a s e s , 

w h e r e  t h e c h e m i c a l  e q u i l i b r i um mo v e s  t o wa r d  e a c h  s t a t e  a c c o r d i n g t o  t h e 

c o n d i t i o n f o r  t h e  v a p o r  p r e s s u r e  o f  s e l e n i um a n d t h e t e m p e r a t u r e  o f  t h e me l t . 

5 . Conc l us ion 

T h e  n - t y p e  t o  p - t y p e  t r a n s i t i o n i n  t h e e l e c t r i c a l  c o n d u c t i o n  n e a r t h e  

s t o i c h i o me t r y o f  C u l n S e 2  c a n  b e  i n t e r p r e t e d a s  t h e  c h a n g e i n  t h e  me a n  v a l e n c e . 

I n  t h e me l t  g r o w t h  o f  C u i n S e 2 , c o n t r o l  o f  t h e v a p o r  p r e s s u r e  o f  s e l e n i um i s  

i n e v i t a b l e  n o t o n l y  f o r  p r e v e n t i n g t h e v o l a t i l e  d e c o m p o s i t i o n o f  s e l e n i um b u t  

a l s o f o r  k e e p i n g t h e  ( C u / I n ) r a t i o o f  i n i t i a l  c h a r g e . 
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BY TRAVELLING HEATER METHOD GROWTH OF CuGaS2 

Horinaka and H .  Kimu ra Y .  Yamamo t o , N .  

o f  Uni ve rs ity Engineering , o f  C o l lege 

JAPAN 5 9 1 , Os aka Saka i , Moz u , P re f e ct u re , O s aka 

grow t o  app l i ed 工 S( THM )  method he a t e r  Trave l l in g  

Ye l low s o lvent . a s  I n  us ing c rys t a l  CuGa S 2  bu lk 

c rys t a l  s ingle inc ludes whi ch p o lycrys t a l , c o l o red 

and Lum ine s cence grown . are 3 mm , 3 x 5 x 5 o f  s
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dev ice  emi t t ing l ight f o r  growth epitaxial  of  c rys t a l  subs 七 ra t ea 

f i l te r  e l iminat i on and/o r  pas s  band narrow a as  a l s o  but / 1 / , 

d i re c t  by Growt h  / 2 / . l as e r  Kr+ of l ine 6 4 7 nm f o r  tunable 

peri t e c t i c  t he t o  due unf avou工ab lebe to f ound has s o l idi f i ca t i on 
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and 
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are p re c ipitated , typ i ca l l y  as  binary c ompounds .  Solub i l i ty of  

CuGa S 2  and approximate TcMT of t he s e  s o l  vent s  a re s ummarized ( Fig . 

1 )  . Among t he s e , s uperior ·exce l l en c y  of  ～ .In s o l  vent , .i. .  e . , high 

s olubi l it y  a t  re lat ive l y  l ow temperatu re and wide app l i cable 

tempera ture range , can be c learly re cogn i z ed . 

Hsu et a.I . / 1 0 / was the f irs t t o  grow a l a rge s i z e  of s ingle 

c rys t a l  o f  CuinS 2 by t rave l l ing hea七er method ( THM )  us ing t he 

exce l lent I n  s o l  vent . Succeedingly , a good bu lk s ingle c rys t a l  of 

CuGaS e 2  has been grown by the s ame me thod us ing 工 n a s  ;;ol vent by 

Sugiyama et a.I . / 1 1 / . Thus , t rave l l ing heater method us ing In a s  

s o l  vent ( THM- I n ) i s  about to  b e  e s tabl i s hed a s  t he opt imum growth 

me thod t o  obt a in a large s i ze of s ing-le crys t a l  o f  cha lcopyrite 

c ompounds , s u ch a s  CuinS 2 , CuGaSe 2 ,  CuGa S 2 ,  CuA l S 2  and CuAl S e z ・

Ve ry re cent report by Miyake and Sugi yama has won a s u c ce s s  to grow 

s ingle crys t a l  of CuGa S 2  by s o lut ion Bridgman me thod ( SGM ) / 1 2 /.  a s  

a pre l iminary work f o r  T HM  growt h / 1 3 / . T h i s  p aper dea l s  with a 

t r i a l  s tage of  THM growth of CuGaS 2 ・ S ince THM s hould t ake rathe r a 

l ong t ime f o r  each run , typ i cal ly 2 0  days , a de s c rip t i on of the 

re s u l t  of "  f a i l u re s hould be useful  as mu ch a s  t hat of  s u c c e s s . 

Po lycryst a l l ine f e ed crys t a l  o f  CuGa S 2  f o r  THM growth was 

p repared by s in t e r ing a s t o i chiome t r i c  mixture of  Cu 2 S  and Ga 2 S 3  at 

9 5·0 °c for 2 days . Fus ed s i l i c a  ampoul e  of . 8 mm ID with a co� i c a l  

terminat ion was u s ed a s  a crucibl e . I ndium me t a l  s o lvent ( abqut 1 . 9  

g )  was f i rs t me l t ed and located at the ampou l e  termina l , on wh i ch 

then , the f eed crys t a l  of CuGa S 2  ( abou t， 、 3 . 1 g )  was s�a led unde r 

evacua t ion . The s i l i ca ampou l e  wa s then ins e rted into another 

s i l i ca tube of  12 mm I D , whi ch 

may pro t e c t  the inc lus i ons f rom 

oxyda t i on when the inner s i l i ca 

arnou l e  happend t o  cra ck during 

t he growth . 

Growth expe r iment of  T!"™ was 

carried out u s ing a spe c i a l ly 

con s t ru c t e d  t h工ee zone v�工t i c a l  

furna c e  ( Fi g . 2 )  w i t h  a 七yp i c a l

t ernpe工＿ature prof i l e  as  s hown . A 

rnux imurn t ern?e rature wa s s e t  as 

8 5 0 °C and ave rage t emperature 

gradient of  4 4 ° C／ ・cm. · i s. : 

re a l i z ed down t o  6 0 0°C . The 

s i l ica ampoul e , i t s  termina l 

- 18 -

(cm) CuGaS2 . 
feed 

2Si 
500 印0 700 800 

(C° )  
Fig . 2  s

e

 

＋」
14
・工
・工5L

 

d

o

 

n

r

 

a

p

 

e

e

 

c

r

 

a

u

 

n

十」

r

a

 

u

r

 

千ム

ep
 

m
m

 

巾ム
十』



was f irst l o c a t ed at the maximum t empe ra tu工e z one , was then moved 

downward at  t he rat e  of  5 mm/day . This made the t rave l l ing z one 

about 5 mm t h i ck indium sol vent to move upward a t  the s ame rat e , 

and CuGaS 2  c ryst a l  about 3 0  nun in length may be grown within 2 0  

days . 

I n  the f i r s t  run （ 目前－ 1 ) , acc idental powe r cut o f f  occurred 

during growth and t h i s  caused a rap id temperature quenching . There 

obs e rved about 20 mm l ong ye l l ow colored CuGaS 2 crys t a l  on t he 

bottom ,  on whi ch In s o l uヒ ion zone and the res idu a l  CuGaS2 f eed 

c rys t a l s  we re c overed . This s howed a favorable growt h proce s s  of 

THM . I n  the s e c ond run , again , an a c cidental powe r cut off occur工ed

j us t  a f t e r  the s t art ing s tage of  THM ( af ter heat up to  maximum 

t emperature .) . . . A rap i d  tempe rature quenching caused a c racking of 

inner s i l i ca tube . The cracked s i l i ca tube , howeve r ,  was reheated 

and a f u l l  THM pro c e s s  wa s performed . The re s u l t  appe ared THM . 

growt h both f i rst in the inner tube and s e c ond ly ,  in the out er 

tube , where the spilt mat e r i a l s  f rom the cracking part o f  the inner 

tube exi s ted . The c rys t a l  grown in the inner tube ( THM- 2Y ) was 

ye l l owi s h  c o l o red c rys t a l  and crystal grown in the outer tube 

( T！到－ 2R ) was redd i s h  c o lored one . 

Af ter the s e  a c c iden t a l  expe riments due to  the powe r cut off , the 

third run c o u l d  be c arried out wi thout any troub l e  during the 

growth p e r i od . Po lycrys t a l  inc luding s ome 3x5x5  rnrn3 ye l low colored 

s ingle c rys t a l  gra ins ( Tl到－ 3 )- we re grown . 

Grown c rys t a l s  we re took out without any me chan i c a l  damage by 

d i s s o lv ing the s i l i c a  ampou l e  in the HF bath . The l a t t i c e  cons tants 

we re mea sured by X 工ay powder method , and this reve a l e d  somewha t 

l arge r lat t i ce c on s t an t s  o f  the THM grown crys t a l s  than the f eed 

c rys ta l . In inc l u s ion of x= 0 . 0 3 
- 0 . 0 9  in CuGa 1 - x i nxS 2 a l loy wa s 

s ugge s t ed in the THM crys t a l s  

a s  men t i oned b y  Miyake et al . 
/ 1 2 / . 

Photolumine s cence s p e c t ra at 

7 7K we re me a s ured on s ingle 

c rys t a l  gra i n s  cut f rom the 

polycrys t a l s  o f  each growth run 

( Fig . 3 ) . Crys t a l s  of THM- 1 and 

THM- 3 s howe d  a s in g l e  s ha rp 

green peak a七 2 . 3 8 eV . Howeve r ,  

ye l l ow i s h  c rys t a l  of THM- 2Y 

2.s 
Photon energy ( eV )  2.0 1 . 5 

100 

コ0 
>. 50 一のCωHF」円

。 600 700 
Waveleng th ( nm) 

800 500 

Fig . 3  Photo lumine s cence spe ctra 

of THM groy/n CuGa S 2  at 7 7K 
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s howed a s t rong and s ha rp peak at  2 .  4 7 eV and a week broad band 

peaked at 1 .  8 e V , whereas redd i s h  crys t a l  of  THM- 2 R  s howed onl y  a 

broad red pea'k a七 1 . 8 eV . Becaus e the s ha rp green peak i s  the band 

edge l um in e s cence inc luding the exc i ton lumine s c en c e , the red s h i f 七

o f  t h i s  p e a k  c a n  b e  u s e d  to eva luate t h e  c ontent of  indium i n  

CuGa 1 - x i n:x:S 2 a l loy . I ndium content , about 3 も （ Tf剖－ 2Y ) and 1 0 も

( THM- 1 and THM- 3 ) ,  agre e s  with those f 工om t h e  l a t t i c e  c on s t ant s . 

S in c e  CuGa S 2  has a l arge opt i ca l  act ivity and an a c c i den t a l  

i s o t ropi c  wave l en gth i n  the i r  biref ringence d i sp e rs ion curve , o n e  

c an con s t ru c t  a l ine e l iminat ing· f i l t e r  at t h e  i s o t rop i c  wave length 

/ 2 / . The i s o t rop i c  wave l ength was meas u red by f ringes tec hn ique on 

s ome po l i s hed THM grown s ingle crys t a l  gra in s . The measure d  

i s o t rop i c  waye l ength i s  6 5 5  nm at  room t empe rature whi c h  i s  very 

c lo s e  t o  t he 6 4  7 nm l ine of  Kr+ i on l a s e r . Hen c e ， 七 he THM grown 

CuGa S 2  c rys t a l  is very s u i t able f o r  the f i l t e r  of Kr+- l a s e r  l ine . 
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ANOMALOUS TEMPERATURE DEPENDENCE OF THE ELECTRICAL 

RESISTIVITY OF CuGa {S 1 - x Sex ) 2 SYSTEM 

S . Endo , H . Matsushi七a , H . Nakanishi and T . 工 r i e ­

S c i ence Univers i七Y o f  Tokyo , Tokyo , Japan 

S . Nornura 

Nihon Un ivers ity , Tokyo , Japan 

The CuGa {S 1 _ x S e x ) 2 system have pecul i a r  opt i c a l  

a n d  e l ect r i c a l  p roper七 i es . On s ome o f  the s amp l es 

o f  CuGaSSe , dras七ic changes in 七he e lectr i c a l

r e s  is七ivity a n d  the opt i c a l  transmi s s i on were 

obs erved in the 七 emperature range from 9 0 七 O 1 6 0℃ ．

The CuGa {S , _ x S e x ) 2 sys七em is a mixed c rys七a l sys七em between 

CuGa S 2  and CuGaSe 2 and belong 七O 七he ternary cha l c opyr i七e type 

s em i c onductors . The opt i c a l  propert i e s  of this system have been 

reported by s everal authors / 1 - 5  / .  However ， 七he e l ec七r i c a l and 

thermodynam i c a l  proper七 i e s have been stud i e d  l i七七le . 工n th i s  

work ， 七he crysta l l ograph i c , op七 i c a l and e l ec tr i c a l  propert i es o f  

七he CuGa {S 1 _ x S e Jt ) 2 sys七em a r e  invest i gated . 

The s amp l es o f  this sys 七em were prepared by 七he norma l freez ing 

me七hod . It was c onf i rmed tha七 a l l of the s amp l es showed a 

cha l c opyr i t e  S七ructure . The c ornpos i 七 i ons o f  the s amples were 

det ermined by e l ec七ron probe m i c roana lys i s  {EPMA) . I七 was found 

tha七 a l l o f  the s amp l es have 七he band gap o f  d i rec七 七 rans ition and 

show p-type c onduc t i on . The phas e  d i a gram of this sys七em indicates 

a perf ec七 s o l ub i l ity throughou七 七he system / 5 / . The c ompositiona l 

dependenc e o f  the la七七 i c e constan七S and the op七 i c a l b and gap o f  

thi s  system obeyed Va r g a rd ’ s  l aw / 2 , 3 ,  5 / .  Thi s  sys tem showed an 

orange phot ol uminescence for x� 0 . 5  with an exc i 七at i on by Ar • - laser 

( 2 . 5 4 eV) . The peak energy o f 七he emi s s i on spectrum decreases 

- 21 -

Matsushita Nakanishi Irie

Nomura



/3 , 5/ .x compos i七ion of increase an with linearly 

as properties p�culiar some 

R . T .  

－人Uム
Thy－－

 

TOムγOム 歪

7 1 Q3
ぴ3

7 1 0 2  
〉

5 1 0 i '

have system this 七hatfound was 工七

follows : 

of 七hecoefficient 1 ) Temperature 

in I dEg /dT I I gap , band optical 

temper-room between no－－

 

qJ

 

erthe 

含 1 00
・HF・4
ヨ 1 0 - 1
0 � 
.--1 1 0 - 2_ .....-i II ct2 -
::r::: 

larges七lS 1 2 5℃ about and a七ure

lS and x= 0 . 5  compos ition the for 

maxi -a has 

1 . 2 x 1 0 - "' eV · K - 1 . 

mob i l ity Hal l  2 ) The 
1 . 00 . 5 

Composi ti on x 
mobi lity 

a七4 0 cm 2 · V - 1 · s - 1abou七of mum 

f unc ーa as 1i

 

1i

 

aH4・2・9

 

．
l
 
pL

 

gen-the 七Ocontra S七in x=0 . 5 ,

x .  compos i七ionof 七ion七hefrom expected 七endency er a l  

shown as scattering theory a l l oy 

Fig . 1 .  in 

the that found was i七CuGaSSe , of samples the of some On 
七hein 1. 0 6o f  f ac七Or a than more decreases res ist ivity electrical 

dras七ic This Fig . 2 .  in shown as 1 6 0℃ 七O9 0  from range 七emperature

in七rins i c尤he

activation 

七Odue res is七ivi七Y does . no七el ec七rical七hein change 

energy an 七Oleads curve of the s lope the as conducti on 

energy gap . 七hethan much higher 

also was nm 7 0 0  o f  leng七hwave 七heat transmiss i on optical The 

should be 王七of 七emperature .f unc七ion a as sample 七hison measured 

o f  increase an decreases with also 七ransmiss ionthe tha七noted 

the in change 七heo f  tha七七Omanner simi lar the in 七emperature

F ig . 3 .in shown as res istivity electrical 

the a七pa七七erns dif f rac七ionX-ray powder the shows 4 F i gure 

七emperature ,七ransi七ionphase 七heabove and b,elow 七emperatures

七empera七ure .th土sat occurs :change. some ' structure 七ha七indicating 

ele�trical , the in mentioned above phenomena trans ition The 

be 七Ofound were properties, c rys七a l lographicand optical 

revers ible .. 

むf{DSC} calorirne七rymeasured .dif feren七i a lalso ha-ve We 

lS  

reac七ion 

resul七七he

endothermic 

and temperature , 

broad a 七ha七

-- 22 -

七rans i七ion

no七edlS 

七he 

工七

near 

Fig . 5 .  

sample 

in shown 

七he



1 4 0℃ ． 

CuGaSSe λ ＝700nm 
(x=O . 5)  

0 . 5 
ロ
0・ r-i
U】
{/) 
・g 0 . 4
{/) 
ロ伺い
�
F→ � 0 . 3
・r-i
+-I 
� 0 

七O9 0  from range 七emperature

CuGaSSe 
(x=O . 5) 

at 七heoccurs 

e: u 

α 1 0 2

:>... 1 0 1 
』J
民 1 0 °・ H
』J
. � 1 o - 1
ぴ1
ぷ 1 0 - 2

1 0 3

3 . 0 
0 . 2 

2 . 0 2 . 5
1 000 /T (K- 1 )

F i g . 3 . 0pt i c a l  transmiss i on 

3 . 0  

at of 

a a s  of CuGaSSe nm 7 0 0  o f  func t i on a as CuGaSSe 

七empera七ure .

CuGaSSe (x=0 . 5 ) 

of funct i on 

1 00 1 50 
Temperature （℃）

2 . 5

2 . 0  
Ulh、t-i
ε 1 . 5
rl 伺ロ.� 1 . 0Ul 
u Ul 
Q 0 . 5

0 
50 

七emerature .

� 1 0 - 3
u . ，..・4
お 1 0 - 4
u 
� 1 0 - 5

2 . 0  2 . 5  
1 000 /T (K- 1 )

F i g . 2 . E l ec 七 r i c a l res i s 七 i v ity

CuGaSSe 
(x=O . 5 )  

20℃ 

（N＝）

 

1 20℃ 

山よM
1,0 50 60 

Di f frac t i on Ang l e  2 8 

（ωμ」叩
凶ロ・AhMW）
hμ
JtwnωμロH
伺O
JTVU伺いい別刷刊凸

200 90 70 

(deg . )  

30 20 

o f  curve s i gna l F i g . 5 . DSC X- ray d i f  frac七 i onF i g . 4 . Powder 

o f  function a 

七emperature .

as CuGaSSe at CuGaSSe of 

1 2 0℃ ．

p a七terns

and 20 

have we phenomena , 七 rans it i onthe whether examine 七Oorder In 

trans i七ion ,

has method 

order-to-di sorder 

s imul at i on 

七he

c ompu七er

w ith 

the by 

related 

c a l cu l at i on 

lS CuGaSSe 

structur a l  

in found 

made . 

a 

been 

usua l 

c a l culated 

七heas suming 

pa七七ern

c a l culated 

七heshows 6 (b }  

- 23 -

pattern 

F i gure 

the 

structure . 

shows 6 ( a )  

cha lcopyr i t e  

F i gure 



nu

1Illi－－M『ill11JU「111111UJ9
）

td
－

－
 

」
マJ
σb

μ4m出
仇

L司

ft

L一AHU
ム
ヰt

斗Li 
－F

内，4

q4

21

 

ぃIlli－－－

ドliti－－＆

kill－’U

、、E，，，

、‘E，，

、、E，，

a

唱。

c

，，E‘、

，，．‘、

，，，‘、

FEErEBトSEE「11トEEL

「EErisLIEE「tirst』FtErttトSEEr－tι1BL

（間一H
J2Hロ ．AeM伺）

k〈け日叶町民ωμ口一［
回。哨μUMωいい円同J明白

S七rue-spha lerite 七heassuming 

of kinds 七WOwhi ch in 七ure

in are Ga , and Cu i . e . , cation , 

de-七he case , thi s  In disorder . 

can l ine ( 1 1  2 )  七heo f  q

 

n・15

 

aerc

6 (c )  Figure explained . be no七

c a l culated pattern 七heshows 

structure cha lcopyrite assuming 

60 
2 8 

1 0  20 30 40 50
Di ffract i on Angle  

anions , of  kinds two whi ch in 

In order . in lS Se , and s i . e . , 

X-ray of comparis on Fig . 6 . A o f  decreas ing The model , 七hi s

pa七一di f frac七ionpowder be a lso not can l ine ( 1 1 2 )  the 

with CuGaSSe of 七erns calcul a-these From expl ained . 

by ones calcula七ed七hos e七he 七ha七cons idered lS it 七ions ,

s imulation compu七erfound have we trans ition phas e  

method . s imple a no七l S  CuGaSSe on 

In 七rans ition .order-to ・－disorder

more 七rans itionphase o f  the n・1qJ

 

・1ro七he understand better 七Oorder 

diagrams phase quaternary 七hec oncerning information 

needed . 

detai led 

Cu , Ga , S , Se are 

REFERENCES 

6 4  ( 1 9 8 6 )  4 5 . Can . J . Phys . and J . C o Woolley : K . Yoodee 1 . M .  Quintero , 

8 ( 1 9 7 3 ) 7 0 3 . Mater . Res . Bul l . V . G . Lambrech七 ：and 2 . M . Robbins 

J . Phys . Chem . H . Sasakura : and H . Kobayashi S . Kawani , 3 .  S .  TanaJ王a ， 

Sol ids 3 8 ( 1 9 7 7 ) 6 8 0 . 

Jpn . J . Appl . Phys . T . Miyauchi : and K . Okada H . Horinaka , 4 . N . Yamamoto , 

1 6 ( 1 9 7 7 ) 1 8 1 7 .

and T . Irie : S . Nomura H . Nakanishi , 

2 9 ( 1 9 9 0 ) 4 8 4 . 

- 24 -

S . Endo , 

Jpn . J  . Appl . Phys . 

5 . H . Matsushita , 



P H O T O L UM 工 N E S C E N C E AND RAMAN S P E C T RA 

O F  C u 工 n s e
2 

S 工 N G L E CRY S T AL S 

H . N AKAN 工 S H 工 ， T . MA E D A , S . AND O , S . E ND O a n d  T . 工 R 工 E

S c i e n c e  U n i v e r s i t.. y o f  T o k y o , N o d a  2 7 8 ( J a p a n ) 
* 

H . T AN 工 N O a n d  T . YAO 

E l e c t. ro t.. e c h n i c a l  L a b o r a t.. o r y , T s u k u b a  3 0 5 ( J a p a n ) 

P e a k  e n e r g i e s o f  t.. h e  em i s s i o n  b a nd o f  C d - a n d  

Z n - do p e d  C u 工 n s e
2

s i n g l e  c ry s t.. a l s  w e re f o u n d  t.. o 

d e c r e a s e  w i  t.. h a n  i n c r e a s e  o f  d o p i n g  c o n c e n t.. r a t.. i o n .  

N e w  p h o n o n  mo d e s a t.  2 1 2 , 2 2 8 , a nd 2 6 0 c m 1 w e r e  

o b s e r v e d  i n  t.. h e  R a m a n  s p e c t.. rum o f  p u re c u r n s e
2 

T h e  c h a l c o p y r i t.. e - t.. y p e  t.. e r n a ry s e m i c o ndu c t.. o r  C u 工 n s e
2 

i s  a 

t.. e c hn o l o g i c a l l y i n t.. e r e s t.. i n g  m a t.. e r i a l , b e c a u s e  o f  t.. h e  p o t.. e n t.. i a l  

ap p l i c a t.. i o n  t.. o t.. h e  o p t.. o e l e c t.. r o n i c  d e v i c e s  and s o l a r  c e l l s . T h e  

e l e c t.. r i c a l  a n d  o p t.. i c a l  p r o p e r t.. i e s  o f  C u 工 n s e
2

h a v e  b e e n  re p o r t.. e d  

i n  m a n y l i  t.. e r a t.. u r e s  a n d  i t.. h a s  b e e n  f o u nd t.. h a t.. c u r n s e
2 

c a n b e  

m a d e  b o t.. h n - a n d  p - t.. y p e  b y s u i t. a b l e  c ho i c e  o f t.. h e  g r o w t.. h 

c o n d i t.. i o n s , t.. h e  s ub s e q u e n t.. t.. h e rm a l  t.. r e a t.. m e n t.. , o r

C d - i mp l a n t.. a t.. i o n . / 1 , 2 , 3 / H ow e v e r , t.. h e  p h o t.. o l um i n e s c e n c e  o f

C u 工 n s e
2 

i n  c o n n e c t. i o n  w i t. h c a r r i e r  c o n c e n t. r a t. i o n  a n d  a b s o r p t. i o n 

e d g e  h a s  n o t. y e t.  b e e n  s t. u d i e d . 工 n t. h i s  p ap e r ,  t. h e  e xp e r i me n t. a l  

r e s u l t.  o n  t.. h e  p h o t.. o l u m i n e s c e n c e  o f  p - t.. y p e  ( w i t.. h e x c e s s S e ) a n d  

n - t.. y p e  ( do p e d  w i t h C d , Z n ,  o r  e x c e s  s 工 n ) C u 工 n s e
2

s i n g l e  c ry s t.. a l s  

g r own b y no rm a l  f r e e z i n g i n  c o n n e c t. i o n w i t.. h t.. h e  d o p i n g 

c o n c e n t.. r a t.. i o n  a r e p r e s e n t.. e d . W e  a l s o re p o r t. o n  t.. h e  r e s u l t.. s o f  

t.. h e  Raman s c a t.. t.. e r i n g  e xp e r i m e n t.. s .

T h e  s i n g l e  c r y s t.. a l s  w e r e  g ro w n  b y me l t.. i ng t.. h e  e l e m e n t.. s i n  a n  

e v a c u a t.. e d  q u a r t.. z t.. u b e  f o l l o w e d  b y d i r e c t.. i o n a l  f r e e z i n g . T h e  

p u r i t.. y o f  t.. h e  s t.. a r t.. i n g  m a t.. e r i a l s  w a s 9 9 . 9 9 9 9 亀 . W h e n  t.. h e  c r y s t.. a l  

i s  g ro w n  f r om a me l t.  w i t.. h t.. h e  c o mp o s i t.. i o n  C u  ： 工 n : S e = l : 1 : 2 . 0 0 5

- 2  . 1  a n d  w i t.. h i m p u r i t.. y ( C d o r  Z n ) d o p i n g b y X a t.  a t.. o m i c  r a t.. i o

Cu ： 工n : S e : X= l : 1 : 2 . 0 0 5 : 0 . 0 2 0 .  0 8 ,  i t.  

c o n du c t. i o n , r e s p e c t i v e l y . 

shows p - and n- t..ype 

長p r e s e n t.  a d d r e s s : H i ro s h i ma U n i v e r s i t.. y , H i g a s h i h i ro s h i m a  7 2 4 ( J a p a n ) 

- 25 -

H.Nakanishi, T.Maeda, S.Ando, S.Endo, T.Irie,H.Tanino and T.Yao



－
Rd

 

－
o
｝

 

一
m

p
－

hw 

v’’目べ一i
x

naL吋－nV

 

At－－，EV

・’

mm

一

E
gcωm
8

i
d
持
8

←
w
一

ト

PL
o

d

d

 

1 01 8 ト

c

 

r・
E
S
Z
O一
ト
《
匡
ト
Z凶
υ
z
o
υ
E凶一
E
E
q
υ

1 01 9 
R .  T. Zn .doped 

_.}.., �＿＿.匂ー
ヤ u 、～ゎ辺ヂoped

百九2ム ℃市
\ 、、、 も円 Se . excess
、 u、、J;,.、＼ 口、J;,.＼、、‘＿ I n ・excess

1 016 1 017 1 018 1 019 
CARRIER CONCENTRAT I ONCcm-3) 

d

d

 

窃・
〉＼N
EOV
〉ト
コ
E
O
E
JJ
q
z

a s  c o n c e n t. r a t. i o n F i g . 2 . C a r r i e r  c a r r i e r  mo b i l i t. y H a l l F i g . 1 

X ( C d , Z n ) . d o p i n g  o f  f u n c t. i o n a d e p e n d e n c e s . c o n c e n t. r a t. i o n 

c o n c e n t. r a t. i o n c a r r i e r  t. h e  o f  c omp a r i s o n a m a d e  h a v e  W e  

d o p i n g s amp l e s  2
1

 

h
む

n
 
TA

 

u
 
c

 

s e v e r a l  amo n g  m o b i l i t. y H a l l  o f  d e p e n d e n c e  

w a s 工 tF i g . 1 .  s h o w n  i s  re s u l t.  T h e  i mp u r i t. i e s . v a r i o u s  w i t. h  

i s  mo b i l i t. y o f  l ow e r i n g  t. h e  o n  dop i n g o f  e f f e c t.  t. h e  t. h a t.  f o u n d  

r e s i s t. i v i t. y e l e c t. r i c a l  T h e  Z n . a n d  C d  S e , 工 n ,o f  o rd e r i n  l a r g e  

w e r e  C u 工 n S e
2 

3 0 0 K . 

Z n - d o p e d  o r  C d -t. h e  o f  c o e f f i c i e n t.  H a l l t. h e  a n d  

T h e  t. o  7 7 K f r om r a n g e  t. e mp e r a t. u r e t. h e  i n  m e a s u r e d  

t. h e  t. h a t.  i n d i c a t. e d  mo b i l i t. y H a l l  t. h e  o f  d e p e n d e n c e  t. emp e r a t. u r e 

l ow a t.  i mp u r i t. i e s  i o n i z e d  t. h e  b y s c a t. t. e r e d  c a r r i e r s 

a t.  l o c a t. e d  a r e l e v e l s  d o no r t. h e  t. h a t.  f o u n d w a s t. e mp e r a t. u r e s .  

e d g e ,  b a n d  c o n du c t. i o n t. h e  b e l ow ( Z n )  e v  0 . 0 2 0 . 0 1 

c o n c e n t. r a t. i o n c a r r i e r  t. h e  w i t. h s amp l e s 

e
 

t
 

a
 

r
 

e
 

n
 

e
 

ヲゐ守，
冶
んU

E

d
 

n
 
Tムu

 
c

 

a n d  

a s  n c o n c e n t. r a t. i o n c a r r i e r  T h e  a r e t. h a n  

F i g . 2 .  i n  s h o w n  i s  ( C d ,  Z n ) qL
＋L

 

e

－－
 

cu

 

n
 
T4

 

u
 
c

 

n - t. y p e  f o r  x o f  f u n c t. i o n a 

n .log t. h a t.  s e e n  b e  c a n r e g i o n , no n - d e g e n e r a t. e  t. h e  工 n

a t.m �ち ．0 . 7  t. o  a t.m、X = 0 . 5  f ro m  l i n e a r l y i n c r e a s e s  

w i t. h 
2

d
 

e

n
 

s

u
 

n

o
 

T4
手ム

u
 

C
 

n - t. y p e  a n d  p -o f  s p e c t. r a a b s o rp t. i o n o p t. i c a l  T h e  

t. h a t.  w a s  工 tme a s u r e d . w e r e  c o n c e n t. r a t. i o n s  c a r r i e r  v a r i o u s  
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T h e  

s h o w s  3 F i g u r e  e x c i t. a t. i o n . ( 4 8 8 nm ) l a s e r  a n  w i t. h  m e a s u r e d  

s amp l e s .  n - t. y p e  ’a n d  p -o f  s p e c t r a  ph o t. o l u m i n e s c e n c e  t y p i c a l  t. h e  

a b o u t.  a t.  p e a k e d  b a n d s  e m i s s i o n  t. h r e e  s h o w e d  s amp l e s  p - t. y p e  T h e  
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RAMAN SHIFT(cmぺ）
F i g . 6 . R arn a n  s p e c t. r a o f  C u 工 n S e

2 
f o r ( 1 1 2 ) f a c e  a t.  RT . 

F i g . 7 . 工 n t. e n s i t. y r a t. i o  o f  n e w  Raman 

mo d e s  t. o  A
1 

mo d e  as a f u n c t. i o n 

o f  x i n  ( 1 - x) C u 工 n S e  - .x王 n S e  2 2 3 · 

T h e  R am a n  s c a t. t. e r i n g  e xp e r i me n t. s  we r e  p e r f o rm e d  a t.  room t. e mp e r ­

a t. u r e  i n  a b a c k - s c a t. t. e r i n g c o n f i g u r a t. i o n . T h e  e x c i t. a t. i o n l i g h t.  

s o u r c e  w a s  t. h e  A r  o r  K r  i o n l a s e r  l i n e  a t.  2 .  4 1  e V  a n d  1 .  9 2  e V . 

T h e  A .  mo d e  wh i c h  i n vo l v e s mo t. i o n  o f  S e  a t. om i s  n o t.  o b s e rv e d  a t.  
- 1 

1 8 6 c m
- 1

/ 9 , 1 0 / , b u t.  a t.  l 7 3 c m ( F i g . 6 ） ・ 工 n a dd i t. i o n , we h a v e  f o u n d  
- 1 - 1 - 1 

n e w  mo d e s a t.  2 1 2 cm , 2 2 8 c m , a n d  2 6 0 cm . A l l o f  t. h e m  a r e a s -

s i g n e d  t. o  B
2

+ E , r e s p e c t i v e l y , b y  p o l a r i z e d s c a t. t. e r i n g e xp e r i me n t. . 

F u r t. h e rmo r e , we h a v e  s t. u d i e d  t. h e  Raman s p e c t r a  o f  t. h e  s i ng l e  

c ry s t. a l s i n  t. h e  ( 1 - x) C u 工 n S e  - XI n S e  a l l o y  s y s t. em . A s 工 n S e  
2 2 3 _ 2  3 

c o n t. e n t.  i n c r e a s e s , t. h e  R am a n  i n t. e n s i t. y r a t i o s  o f  t. h e  2 1 2 cm � a n d  

2 2 8 c m 
1 

mo d e s t. o  t. h e  A 1 mo d e  i n c r e a s e  a s  s h own i n  F i g . 7 ・ T h e

mod i f  i c a t. i o n  o f  t. h e  s t. ru c t. u r e a n d  t. h e  e l e c t ro n i c  s t. a t. e  o f  a l l o y s  

m a y  a f f e c t.  t. h e  r e s o n a n c e  R am a n  s c a t. t. e r i n g e f f i c i e n c y  o f  e a ch m o d e . 
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( 1 9 7 5 ) 1 7 7 7 . 

2 . P . W . Y u : J . Ap p l . P hy s , 1ヱ （ 1 9 7 6 ) 6 7 7 .
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I N TRODUCT I ON 

B E H A V I OR OF A 河 P HOTER I C I M PじR ! T I E S OF Z n  AND C d

I N  Cu G a S 2  C R Y ST A L S  

Ak i h i r o OOE 咽 ， N o z o m u T SUBO I ,  H i t o s h i K I NTO , 

S e i s h i I I DA a n d  H i r o s h i FURUSA K I 

N a g a o k a  U n i v e r s i t y  o f  T e c h n o l o g y 

K a rn i t o m i o k a , N a g a o k a  9 4 0 - 2 1 , J a p a n  

P h o t o l u m i n e s c e n c e  s t u d i e s  o f  Z n - a n d  C d - d o p e d  

C u G a S 2  c r y s t a l s  g r o wn b y  t h e  i o d i n e  t r a n s p o r t  

m e t h o d  p r e s e n t c l e a r  e v i d e n c e  t h a t b o t h a t o m s  m a k e  

s e v e r a l i s o l a t e d d o n o r a n d  a c c e p t o r  l e v e l s  i n  p ­

t y p e  C u G a S 2 ・ T h e l e v e l o r i g i n s  a r e d i s  c u s s e d .  

G r o u p - I I e l e m e n t s  Z n  a n d  C d  i m p u r i t i e s  i n  C u G a S 2  a r e p o s s i b l y a m p h o t e r i c ,  

b e i n g  d o n o r s o n t h e  C u  s i t e s  a n d  a c c e p t o r s o n G a  s i t s  Ou r r e c e n t  

p h o t o l u m i n e s c e n c e  s t u d y  r e v e a l e d t h a t  Z n  a t o m s m a k e  i s o l a t e d  s h a l l o w d o n o r a n d  

a c c e p t o r  l e v e l s  i n  C u G a S 2  a t  r e l a t i v e  l o w d o p i n g  l e v,e l s 1 > . T h e o r i g i n a s s i g n m e n t s  

o f  t h e s e  l e v e l s  w e r e  d o n e  bv  a c a r e f u l c o n s i d e r a t i o n f o r  o o s s i b l e  c o m b i n a t i o n s  o f

s u b s t i t u t i o n a 1 Z n  cu a n cl Z n  ca , v a c a n c i e s w h i c h c o u l d a r i s e f r o m a d i f f e r e n c e i n 

n u m b  e r s  o f Z n  cu a n d  Z n  G ... , a n d p a  i r c o m p  1 e :< e s f o r m  e d f r o m  s u b s t i t u t  i o n  a l Z n  a t o m s 

a n d  v a c a n c i e s .  

T h e p u r p o s e  o f  t h i s  :> a p e r  i s  t o  r e c o n s i d e r  t h e  a s s i g n m e n t $  d e s c r i b e d  i n  t h e  

p r e v i o u s  p a p e r b y  s t u d y i n g  p h o t o l u m i n e s c e n c  e ・ CPU o f  Z n - d o p e d  c r y s t ii l s  m a d e  u n d e r  

d i f f e r e n t p r e p a r a t i o n  c o n d i t i o n s  a n d  t o  e :x a m i n e  t h e  s i t u a t i o n  o f  C d - d o p e d  c r y s t a l s

f o r  c o m p a r i s o n .  ／ 
S A M P L E S  a n  d 河EA S U R E 河 E N T S

Z n  o r  C d  d o p e d  s i n g l e  c r y s t a l s  u s e d  i n  t h i s  s t u d y  w e r e  g r o w n b y  t h e  i o d i n e  

t r a n s p o r t  m e t h o d  i n  a m a n n e r  r e p o r t e d  i n  r e f e r e n c e  1 .  Z n - d o p e d  c r y s t a l s  u s e d  i n  

t h i s  s t u d y w e r e  p r e p a r e d  f r o m  s o u r c e s  s a t i s f y i n g  C u i - xZ n xG a S 2  C x = 0 . 0 0 0 5 )  a n d  

C u  G a  :i. - xZ n  x S  2 C × ＝ 0 . 0 0 0 5 ) r e l a t i o n s , s i n c e  p r e f e r e n t i a l  d o p i n g  o f  Z n  i m p u r i t i e s  o n  C u  

s i t e  o r  G a  s i t e s  w a s  i n t e n d e d  i n  c o n t r a s t  t o  t h e  p r e v i o u s  s t u d y . C d -d o o e d 

c r y s t a l s w e r e  p r e p a r e d f r o m  s o u r c e s  s a t i s f y i n g CC u G a )  1 - x / 2 C d xS 2  

C x = 0 . 0 0 5 , 0 . 0 1 , 0 . 0 5 ) , C u 1 - xC d xG a S 2  Cx= 0 . 0 5 )  a n d  C u G a 1 - xC d xS 2  C x = 0 . 0 5 ) r e l a t i o n s .  

T h e a m o u n t s o f  Z n i n  C C u G a ） 工 － x / 2 Z n xS 2 c r y s t a l s  w e r e 「 e p o r t e d  t o  c o r r e s p o n d

r o u g h l y  t o  t h o s e  a d d e d  i n  s o  U 「 c e s  b y EPト� A s t u d i e s 1 > T h e  a m o u n t s  o f  Z n  i n c l u d e d  

i n て h e p r e s e n t  c r y s t a l s  a r e t h o u g h t  a l s o t o  c o r r e s p o n d  t o  t h o s e  a d d e d  i n  s o u r C 弓 s 2 )

a s  i n  t h e c a s e  o f  CC u G a )  i - x / 2 Z n xS 2  c r y s t a l s  T h e a m o u n t s o f  C d  i n  t h e  c r y s t a l s

d e t e c t e d b y E P \I A s t u d i ε s  w e  r θ ， h o w e v e r ,  s m ョ l l e r t h a n  t h o s e  a d d e d  i n  s o u r c e s  b y  

a b o u t  o n e  t o  t w o o r d e r ( s )  o f  m a g n i t u d e T h e c r y s t  a 1 c o m p  o s i t i o n x a p p e a r  i n  g i n

求 P r e s e n t a d d r e s s : T h  e じ n i v .  o f  E l e c t r o -C o fll m u n i c a t i o n s , C h o f u g a o k a  C h o f u 1 8 2 ,  J a p a n  
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t h i s  p a p e r  a l w a y s  c o r r e s p o n d s  t o  t h e  s o u r c e c o m p o s i t i o n a n d  d o e s  n o t  m e a n  a c t u a l 

o n e . H o w e v e r , i n  t h e  c a s e  o f  Zn- d o p e d  c r y s t a l s ,  t h e  c o m p o s i t i o n x i s  b e l i e v e d  t o  

b e  c l o s e  t o  t h e  r e  a l o n·e , a s  d e s  c r i b e d  a b o v e .  

Th e r e s i s t i v i t y v a l u e s  o f  C u G a t - x Zn x S2 C X= O .  0 0 0 5 ) c r y s t a l s  w e r e  r e d u c e d  d o w n 

t 0 1 0 2 ～ 1 0 3  De m ,  w h i l e t h o s e  o f  a l l  o t h e r  d o p e d  c r y s t a l s  w e r e  i n  t h e  s a m e  r a n g e  o f

1 0 5 ～ 1 0 1 De m a s  i n  u n d o p e d  c r y s t a l s . R o o m  t e m p e r a t u r e t h e .r:- m a l - p r o b e  m e a s u r e m e n t s  

i n d i c a t e d  p - t y p e  c o n d u c t i v i t y f o r  a l l c r y s t a l s  r e g a r d l e s s  o f  d o p a n t s .  

A l  I s t e a d y-s t a t e  P L  s p e c t r a a s  w e  1 1  a s  t i m e - r e s o  I v e d  < T R )  s p e c t r a w e r e

m e a s u r e d  u s i n g  t h e  s a m e a p p a r a t u s  a n d  t e c h n i q u e s  a s  i n  t h e  p r e v i o u s  r e p o r t 1 > .

RESULT a n d D I S C U S S I ON 

Th e e m i s s i o n  l i n e  a t  2 . 5 0 4  e V  s e e n  a l l  Zn a n d  C d  d o p e d  c r y s t a l s  a s  w e l l  a s  

u n d o p e d  c r y s t a l s  u n d e r e :x c  i t a t  i o n b y a 4 7 6 .  5 n m  1 i n e  o f  a n  A r •  l a s e r  i s  t h o u g h t  t o

b e  d u e  t o  f r e e  e x c i t o n d e c a y . Th i s  'f a c t  i n d i c ;3 t e s  t h a t a n y  c h a n g e o f  b a n d  g a p  
e n e r g y  d i d n o t  o c c u r  i n  t h e s e  d o p e d  c r y s t a l s . 

PL s p e c't r 通 o f Z n - a n d  C d - d o p e d  C u G a S 2  

c r ys t a l s  a r e s h o wn i n  F i g . 1 ( a )  a n d  ( b ) , 

r e s p e c t i v e l y . T h e  PL s p e c t r u m  o f

C u G a 1 － て Z n x S 2 Cx= O . 0 0 0 5 ) i n  F i g . 1 ( a )  s h o w s 

a p e a k  a t  2 .  3 9 3  e V . Th e l o w e r e n e r g y  

s h o u l d e r s a r e  t h o u g h t  t o  b e  d u e  t o  p h o n o n  

r e p l i c a s .  Th e PL s p e c t r u m  。 f

C u i - x Z n x G a S 2 (x= O . 0 0 0 5 ) i n  F i g . 1 ( a )  s h o w  a 
p e a k  a t 2 . 3 8 7  e V  a n d  t h e  s p e c t r a l w i d t h  o f

t h i s  e m i s s i o n  i s  b r o a d e r  c o m p a r e d  t o  t h a t  

o b s e r v e d  f o r  t h e  C u G a 1 - x Z n .Y. S 2 （×＝ O .  0 0 0 5 ) 

c r y s t a l .  A c o n s i d e r a b l e  d i f f e r e n c e  i n

WAVELENGTH 
650  6 0 0  5 5 0  
一一「T
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2. 0 2. 2 2. 4 2. 6
PHOTON ENERGY [eV] 

s p e c t r a l  w i d t h s o f  t h e s e  e m i s s i o n s  s e e m s t o  

i m p l y  t h a t  t h e  s p e c t r u m  o f  C u 1 - ,, Z n y G a S 2 

Cx= O .  0 0 0 5 ) c r ys t a l i s  a f f e c t e d  b y  a n o t h e r

e m i s s i o n  a t  l o w e r e n e r g y  s i d e  i n  s p i t e  o f  

s m a l l  d i f f e r e n c e  i n p e a k  e n e r g i e s .  Th e P L  

s p e c t r u m  o f  . C C u G a )  1 司 X 〆 2 Zn x S2 （ χ ＝ O . 0 0 0 5 )

w h i c h w a s  r e p o r t e d  p r e v i o u s l y 1 > i s  s h o w n 
F i g. 1 Lo...- t e.:iip e ra ture pho t o l u踊 inescence S[)ec t ra o f  

a g a i n  i n  F i g . 1 ( a )  f o r  c o m p a r i s o n .  T h e 

h i g h e s t  e n e r g y  p e a k  o f  t h i s s p e c t r u m  s e e m s  

CuGciS2 c rys ta l s  doped ll' i th Zn (3) ;md Cd (b) i n  va r i ous 

ways. 

て o c o i n c i d e  w i t h t h e  s p e c t r a l p e a k  o f  t h e  e m i s s i o n s e e n  f O 「 t he Cu G a  ! - x Z n � S2 

<x= 0 . 0 0 0 5 ) c r y s t a l .

P L  s p e c t r a o f  C d - d o p e d  c r y s t a l s  a r e s h o w n i n  F i g . l C b ) . T h e  s o e c t r u m  o f

C C u G a ) 1 - x / 2 C d x S 2  i s r e l a t i v e l y  s i m p l e , s h o w i n g 3 m a i n p e a k  a t  2 . 3 9  e V  ( d e n o t e d  b y

.A ) ,  w i t h a l o w e n e r g y p e a k  a n d  s h o u l d e r s 9 1 o b a b l y  d u e  t o  p h o n o n  r e p ]  i c a s  o f  t h e

m a i n  e m i s s i o n . 了 h e s p e c t r u m  o f  C u G a  ！ 司 ， C d 噌 S 2 c r y s t a l s h o w s f o u r p e a k s ; T h e  h i g h e s t 

e n e r g y  p e a k  c o r r e s p o n d  t o  t h e A ? e a k  i n  t h e  C C u G a )  1 ・ ： u 2 C c L S 2 c r y s t a l ,  a n d  t h e  n e x t

t w o p e a k s  ( l a b e l e d B a n d  C i n  F i g . l C b ) ) a r e  o u  e て o d i f f e r e n t e m i s s i o n s  b e i n g

p r o p e r i n  t h i s  s a m p l e .  T h e  l o w e s t  e n e r g y  p e a k  i s  c o n s i d e r e d  t o b e a p h o n o n  r e p l i c a

o f  t h e C p e a k . Th e s p e c t r u m  o f  C C u G a ） ， 申 x n C d x S 2 c r y s t a l i s  b e l i e v e d  t o  b e

3 0  -



c o m p o s e d  o f t h e s e  e m i s s i o n s  C i .  e .  A ,  B a n d  C ) . F o r C u i - x C d x G a S2 Cx= O .  0 5 ) 

c r ys t a l s ,  n o  e m i s s i o n w a s  o b s e r v e d .  

T R  s p e c t r a  d u r i n g  d e c a y w e r e  m e a s u r e d  

f o r  t h e s e  Zn - a n d  C d - d o p e d  c r y s t a l s . Th e 

r e s u l t  f o r  C u G a 1 ・ x C d x S 2  Cx= O .  0 5 ) i s  s h o wn 

i n  F i g . 2 .  Th e s e  s p e c t r a s h o w  s h  i f  t s  

w i t h t i m e  a f t e r  e x c i t a t i o n ,  c h a r a c t e r i s t i c  

t o  d o n o r -a c c e p t o r  p a i r  t r a n s i t  i o n s .  

A n a l y s e s  o f  t h e s e  s p e c t r a s i m i l a r l y  a s  t h e  

p r e v i o u s  r e p o r t  1 > g a v e  t h e  i o n i z a t i o n  

e n e r g i e s  o f  r e l e v a n t  s h a l l o w e r CE 1 ) · a n d  

d e e p e r  CE2 ) l e v e l s  a n d  t h e r e a c t i o n  

c o n s t a n t s  O/o ) a s  s u m m a r i z e d  i n  T a b l e  I .  

Th e v a l u e s  o f  E i  = 6 4 ±r( m e V ,  E2 = 1 2 4 ± � m e V  

a n d  Wo = 2 x 1 0 7  s - 1 w e r e  o b t a i n e d  f r o m  TR 

s p e c t r a o f  ; • t h e  C u G a 1 - x Z n x S 2  Cx= O .  0 0 0 5 ) 

c r y s t a l ,  wh i l e  t h o s e  f o r  C u 1 - x Z n l': G a S 2  

〈χ＝ O . 0 0 0 5 ) c o u l d  n o t  b e  o b t a i n e d d u e  t o  

b r o a d e n n i n g  o f  t h e  T R  s p e c t r a  w i t h  t i m e , 

p r o b a b l y  r ♂ l a t e d t o  t h e  e x i s t e n c e  o f  

a n o t h e r  l o w e r e n e r g y  e m i s s i o n  m e n t  ! o n e d  

b e f o r e .  

A l t h o u g h  t h e r e  i s  a n  i n セ e r e s t i n g  

d i f f e r e n c e  b e t w e e n t h e  d o p i n g  e f f i c i e n c y  o f  

Z n  a n d  C d  i n  C u G a S 2 c r y s t a l s ,  t h e  s m a l l  

WAVELENGTH [nrn] 
5 6 0  S40 

CuGa 1 - xCdxS 2 X=0 . 05 1 4 K  
1 0 6ト 9 0 0 7 1 3 -2

Ex . XeC l exc i rne r  l as e r  

� ←4 

1 0 5 

� i o �  
モーz 

O: -i o 3  
µ..) 〉
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� 1 0 2 
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1 0  

308nm - 1 MW/cm 2 

L u:  

2µ  
4µ 
フμ

2 . 20 2 .  3 0  2 .  40  
PHOTON ENERGY [ eV]  

f r a c t i o n i n c o r p o r a t i o n o f  C d d o e s  n o t  F ig. 2 Ti:i: r e s o l ved  ph1J to l ui'A in e s cence s pe c tra o f  

i n d u c e  V c :.: o r  VG 3 a s  f a r  a s  t h e  c h  a r g e CuGa: -,.Cd・5ミ ＜x=0. 05) a f t e r  pu l s e  exc i ta t i on by cin XeC l 

n e u t r a l i t y c o n d i t i o n h o l d s .  Th i s  a l l o w s  

a n  i n t r o d u c t i o n  o f  s i m i l a r a s s u m p t i o n s  f o r  

C d  d o p e d  c r y s t a l s ,  a s  i n  C C u G a )  1 - x / 2 Z n x S 2 

c r y s t a l s 1  > .  F o r t h e  c a s e  0 f 

CC u G a ) ; - v 2 C d �： S 2 c r y s t a l s ,  f o l l o w i n g  t h r e e  

c a s e s  a r e c o n s i d e r e d  p o s s i b l e . C a s e  1 - 1  

( e q u a l p a r t  i c  i p a t  i o n o f  C d  o n  C u  a n d  G a  

s i t e s ) : d o n o r s ; C d c ·J ・ a c c e p t o r s ; C d G 1 ・

C a s e  1 - 2 C l a r g e r  p a r t i c i p  a モ i o n  o f  C d  o n  C u  

s i t e s ) : d o n o r s ; C d c ·� ，  C d a a -- V s  a n d  V s ・

a c c e p t o r s ; C d  c ョ ， C d c 'J - V r:. a a n d VG ョ ． C a s e  

1 -3 ( l a r g e r p a r t i c i p a t i o n o f  C d o n  G a  

s i t e s ) : d o n o r s ; C d r; :.: ,  C d G a - V 雪 a n d  V s ・

a c c e p t o r s ;  C d 弓 i a n d  V •： ·＂ ・ S i n c e  o n l y  o n e  

s h a l l o w e r l e v e l o f ～3 8 m e V  a n d  o n e  d e e p e r  

exc imer l as：了

Tab l e  I Cor.0r <ind acceptor  l eve l s  re l e van t t o  the pョ i r

ei iss i ons A a n d  C i n  CuGci : - "CdS� （－＜＝0. 05) c rys t a l .  

Va lues  o f  icn iz<1. t ion  energ i e s 侶1 1 m d  E:?) a n d  rea.c t iQn 

C1Jns tan ts 冒 i th the i r  accuracv were eva luated  by 

;in;i lys i n g  the t i!lle reso lved  s pec t ra of  F ig. 2 dur ing 

each decav. 

Em i s s i o n  A c 

E 1. C m き V ) 3 8 ± ち 1 I 8 9 ± t g  

E 2  (m e V) 1 2 6 ± 2 I 2 2 7 ± 2  

V 。 （x l (〕 7s - i ) 9 ± き 4 ± i'  

l e  v e  1 o f ～ 1 2 0  n i e V  w e r e  o b s e r v e d  i n  C C u G a > : - x n Z n x S 2  C:<= O .  0 0 5 ,  0 0 1 ) c r y s t a l s ,  t h e  

d e f e c t  f o r m a t i o n i n  t h e  c r y s t a l s i s  t h o u g h t  t o  c o r ： き S ? O n d  t o  c a s e 1 - 1  
n o て u n r e a s o n .3 b l e  a t  t h e  l o w C d  c o n c e n t r a t i o r.  d e s c r i b e d  a b o v e  

Th i s  i s  

I n  t h e  c a s e  o f  x = O .  O S  i n  ( C u G a )  1 ー ヌ 〆 ：＜ C d i:: S .:- w h e r e x i s  l a r g e r t h a n  · fh e p r e v i o u s  

- 3 1  -



c a s e ,  t h e  d e f e c t  f o r m a t i o n  i s  c o n s i d e r e d  t o  c o r r e s p o n d  e i t h e r  t o  c a s e  1 -2 o r  t o  

c a s e  1 - 3 ,  s i n c e  o b s e r v e d  t w o  d o n o r a n d  t w o a c c e p t o r  l ョ v e l s c a n  n o t  b e  e x r;> l a i n e d  

w i t h c a s e  1 - 1 .  

F o r C u G a 1 - x C d -. S 2 c 了 y s t a l s , p o s s i b l e  s i t u a t i o n s  a r e  f o l l o w i n g  t w o c a s e s .  C a s e  

2 - 1 : C d  a t o m s o c c u p y  o n l y  o n  G a  s i t e s .  S u l f e r  v a c a n c i e s  C V 主 ） a r e i n d u c e d  f r o m  t h e  

n e u t r a l i t y c o n d i t i o n .  C a s e  2-2 : C d  a t o m s  o c c u p y n o t  o n l y  o n  G a  s i t e s  b u t a l s o o n  Cu 

s i t e s .  G a l l i u m  a n d  s u l f e r  v a c a n c i e s  C V G 3 a n d  V s ) a r e i n d u c e d .  C a s e  2 - 1 : d o n o r s ; 

Vs . a c c e p t o r s ; C d G  3 ・ C a s e 2 - 2 : d o n o r s ; C d c ·� ，  V s ,  C d s a - V s . a c c e p t o r s : C d G a , V r:. 呈 ，

C d c u - V G a ・ T h e e x i s t e n c e  o f  t h r e e  e m i s s i o n s  CA , B a n d  C) i n  C u G a 1 - f, C d x S 2  C x = O .  0 5 ) 

c r y s t a l s  e x c l u d e s  c a s e  2- 1 . S i n c e  t h e  i o n i z a t i o n  e n e r g i e s o f  t h e  t w o s h a l l o w e r  

l e v e l s  r e l e v a n t  t o  A .:i n d  C e m i s s i o n s  . i s  s m a l l e r t h a n  t h e  c a l c u l a t e d  h y d r o g e n i c  

a c c e p t o r  b i n d i n g  e n e r g y  C l l O  m e V) : J ,  i t  i s  n o t u n r e a s o n a b l e  t o  a s c r i b e t h e s e  l e v e l s  

t o  d o n o r s  r a t h e r t h a n  t o  a c c e p t o r s .  I f  w e  a d a p t  t h e  ？ 「 e v i o u s  a s s  i e n m e n t s  1 )  t h a t 

t h e  l e v e l o f ～ 1 5 5  m e V  o r ～2 0 4  m e V  i s ·  d u e  t o  VG a ,  t h e  o r i g i n  o f  t h e  l e v e l o f  

～2 2 7  m e V i s  c o n s i d e r e d  t o  b e  n o t d u e  t o  V弓 a b u 1 L0  iC.d.、－： )J -V c-.  a i n c a s e 2 - 2 . Ta k i n g 
i n t o a c c  o u n t , t h. i s p o  s s i b l e a s  s i g n m  e n  t s t h a t t w o d i f re .r e n t 羽 ℃＇C e·p ;t�01f§ 羽rr .e ca_u .. _e t: o  c d ・：：； J 
a n d C d  c 'J -V '" a , t h e d e f e c t f o r m  a t i o n i n C u  G a  1 - x C d >:  S 2 匂＝：O� ’0 5》 m a y c o -r1r e s ぷ o·n d M 「c. .a-:s.e 

1 - 2 .  I t  b e c o m e s  n e c e s s a r y t o  s e l e c t  e i t h  e τ Cdt u -V s  o r  V s  a s. t h e  o r ユ g 'i n 0 f iJh£ 
d o n o r o f ～8 9 m e V i n  c a s e  1 - 2 I t  i s  n o t  u n r e a s o n a b l e  t o  c o n  s 『·i d e r  Lt h a 吃 でh e 8 
e m i s s i o n  i n  F i g .  l C b )  i s  c a u s e d  b y  t h e  p a i r  t r a n s i t i o n s b e t w e e n  t h e d·o n .. o r s o f  E J  

～8 9 m e V a n d  a c c e p t o r s o f  E《 ～ 1 2 6 m e V

Th e r e p o r t e d E :  a n d E 2  v a l u e s t  J f o r  t h e  h i g h e s t  e n e r g y  e m i s s i o n  o rf  

C C u G a )  1 - x 〆 d n x S 2 C x = O .  0 0 1 )  i n  F i g . 1 C a )  a r  e ～7 0 .m e  V a n  d ～ 1 2 0  m e V ,  r e s p e c t i v e l y . 

T h e s e  v a l u e s  a r e  c l o s e  t o  t h e  v a l u e s  o f  E 1 = 6 4  m e V  a n d  E 2 = 1 2 4 m e V  o b t a i n e d  f o r  

C u G a 1 - x Z n x S 2  C x = O .  0 0 0 5 ) c r y s t a l i n  t h i s  s t u d y .  H o  w 号 v e r , t h e  r e p o r t e d r e a c t i o n  

c o n s t a n t  （ ～ 6 x 1 0 7 s - 1 )  f o r  t h e  e m i s s i o n  i n  CC u G a ) 1 帽 x / 2 Z n x S 2 C χ ＝ O .  0 0 1 )  d i f f e r s 

s 1 i g h t  l y  f r o m  t h e  v a l u e o f  2 x l 0 7  s - 1 o b t a i n e d  h e  r 号 ． I f  w e  c o n c e i v e  t h e  

d i f f e r e n c e ,  t h e  s i t u a t i o n  f o r  C u G a 1 - x Z n x S 2 C x = 0 . 0 0 0 5 )  w o u l d  b e  s i m i l a r t o  t h e  c a s e  

2 - 1  f o r  t h e  C d  d o p e d  c r y s t a l  On  t h e  o t h e r  h a n d , i f  w e  i g n o r e t h i s  d i f f e r e n c e , 

t h e  s i t u a t i o n  w o u l d  b e  s i m i l a r t o  t h e  c a s e  2 - 2  f o r  t h ョ C d d o p e d  c r y s t a l ,  a n d  t h e  

m o s t  s i m p l e  a s s i g n m e n t s  a r e t o  a s c r i b e t h e  o b s e r v e d  E 1  a n d  E 2  l e v e l s  t o  Z n c u d o n o r s 

a n d  Zn G ョ a c c e p t o r s ,  s i m i l a r  t o  t h e  c a s e  o f  C C u G a ) i ・ x 1 2 Z n x S 2 C x = O .  0 0 1 ) . Th e 

r e d u c e d  r e s i s t i v i t y o b s e r v e d  f o r  t h e  C u G a ! - , Z n x S 2  C x = O .  0 0 0 5 ) c r y s t a l i m p l y  t h 巴

e x i s t e n c e  o f  s h a l l o w a c c e p t o r s .  Th i s  r e s  u 1 t i s  c o n s  i s  t e n t  w i. t h  t h e 

o b s e r v a t i o n 2 J o f  r e d u c e d  r e s i s t i v i t y a s s o c i a t e d w i t h a n n e a l i n g  i n  a Z n  p l u s S 

a t m o s o h e r e .  

W e t h a n k H . I s h i k a w a a n d \I . I g a r a s h i f o r t h e i r h e ; ? i n t h e e :-< p e r i m e n t s . T R 

s p ε c  t r a  w e r e  t a k e n a t  t h e  l a s e r  l a b o r a t o r y o f  t h e  u n i v e r s i t y . Th i s  w o r k  wa s 

p a r t l y  s u p p o r t e d  b y  a G r a n t - i n - A i d  f o r S c i e n t i f i c R ε S き 3 「 c h ,  N o . 0 1 6 0 4 0 0 1 

R E F E R E N C E S  

1 .  A .  O o e a n d  S .  I i d a : J p n .  J .  A p p l .  P h y s . 2 9 C 1 9 9 0 )  1 4 8 ニ
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OPT工CAL CHARACTER工ZAT工ON OF Fe ATOMS 工N CuHS ,.. 
( M=Al , Ga AND 工n) CRYSTALS 

-

K a t s u ak i  S a t o  
F a  c u  l ヒ y o f  T e chno l o g y , T o k y o  U n i ve r s i t y o f  Ag r i c u l t u r e  

and T e c hn o l o g y , Ko g an e i ,  Tokyo 1 8 4 , J a p an 

T r an s  i ヒ i o n a t 。 m i m p u r i t i e s  a r e  kno w n  t o  i n t r o d u c e  o p t i c a l  
a b s o rp t i on b an d s  and p ho t o l u m i n e s c enc e l i n e s  i n  t h e  b e l o w - g a p 
s p e c t r a  o f  s e m i c o n d u c t o r  s ， 玄 e s u i t i n g  i n  c o l o r at i o n  o f  
c r y s t a l s . T h i s  p a p e r  f o c u s e s  o n  t h e  o p t i c a l p r o p e r t i e s  
i n t r o d u c e d  b y  F e  i m p u r i t i e s i n  Cu - I  Z工岨 s 2 s em i c o n d u c t o r s . 

I n t r o d u c t i on 

We h av e  b e e n w o r k i n g  w i th o p t i c a l  c h a r a c t e r i z a ヒ i o n o f  t r ans i t i o n  a t o m  i m p u r i t i e s i n  
c h a l c o p y r i t e  s em i c o n d u c t o r s c o n t a i n ing C u  a s  a c o n s t i t u e n t  e l em e n t / 1 ・ 1 3 / . Th r o u g h  
t h e s e  w o rks w e  e l u c i d  a ヒ e d t h a t  t r ans i t i o n  a t o ms i n t r o d u c e  c h a r ac t e r i s t i c  a b s o r p t i o n 
b a n d s  i n ヒ h e b e l o w - g a p e n e r g y  r e g i o n  a n d  p o i n t e d  a u  t ヒ h a t  s o m e  o f  t h e m  a r e  
r e s p o ns i b l e  f o r  c o l o r a t i on o f  c r y s t a l s . 

S om e  o f  t h e  s u b - g a p o p ヒ i c a l s p e c t r a  have b e en i n t e r p r e ヒ e d in t e rm s  。 f l i g and f i e l d 
ヒ r ans i t i o n b e t w e en mu l ヒ i p l e ヒ s i n  t h e  3 d n s y s t e m . S o m e  h av e  b e en und e r s t o o d  a s  s O 圃
c a l l e d c h a r g e t r ans f e r  t r an s i t i o n s  b e tw e en t h e  l i g an d  o rb i t a l s  and t h e  3 d  o rb i t a l s o f  
t r ans i t i on a t o m s . T h i s  t y p e  o f  t r ans i ヒ i on i s  o f t en r e f  e r r e d ヒ o a s  a p h。 t o i o n i z a t i o n  
t r ans i t i o n  b y  t h e  r e s e a .r c h. e r s  i n  th e s e m i c o nd u c t o r  f i e l d  and i s  c o n s i d e r e d ヒ o b e  
d i r e c t l y r e l a ヒ e d t o  t h e  r e l a t iv e  e ne r g y  p o s i t i on o f  t h e  t r ans i t i o n  a t o m t o  t h e  h o s t  
b a n d  e d g e . I n  a d d i t i o n ヒ o t h e s  e ” o n ・ s i t e "  e n e r g y  s t a t e s , i n c o r p o r a t i o n  o f  t h e  
t r ans i t i on a t o m o f t en i n t ro d u c e s  s o m e  d e f e c t s  o r  v a c ancy a g g r e g a t e s . F o rm a t i 。n o f  
t h e s e d e f e c t o c c u r s  p a r t l y  d u e ヒ o t h e  d i f f e r e n c e i n ヒ h e a t.o m i c r a d i u s  f ro m  t h a t  o f  
t h e  h o s t  a t o m  a n d  p a r t l y d u e  t o  t h e  r e q u i r e m e n t  t o  h o l d  t h e  c h a r g e n e u t r a l i t y 
c o nd i t i on . 

T h e  p r e s en t  p a p e r  f o c u s e s  o n ヒ h e o p t i c a l  p r o p e r t i e s  o f  F e  a t o m s  in ch a l c o p y r i ヒ e
c ry s t a l s  a n d  d i s c u s s e s  o n  t h e  e l e c t ro ni c and c 玄 y s t a l l o g r a p h i c a s p e c t s  o f  t h e  F e  
i m p u r i t y .  

Res u l ts and D i s cu s s ion 
( 1 )  Origin of Co l o 玄a t i on of CuGas 2 and CuAlS 2 Grown by Chemi cal Trans po玄t

W i d  e 帽 g a p c h a l c o p y r i t e 圃 t y p e c r y s t a l s  o f  C uA 1 S 2 a n d  C u G a s 2 g r own b y  t h e  c h em i c a l  v a p o r
t r ans p o r t  ( C VT ) t e ch n i q u e  a r e  u s u a l l y  c o l o r e d  i n  b l u e  a n d  g r e en , r e s p e c t iv e ly . Th e s e 
c o l o r s  a r e  c a u s e d  b y ヒ h e s t r o ng a b s o rp t i o n  b and l o c a t e d b e ヒ w e en 0 . 6  and 2 . 5  eV , wh i c h  
i s  g r e a t l y  r e d u c e d  b y  a n ロ e a l i n g t h e  c r y s t a l s  i n  t h e  v a c u u m . T h r o u g h  t h e.  E P R  
m e a s u r e m e n t s  v a n  B a r d e l e b eロ e t a l . a s c r i b e d  t h e  o r i g in o f  t h e  ab s o rp t i on b and t o  t h e  
t r ac e F e  o r  N i  i m p u r i t i e s / 1 4 / . W e  s h o w e d  t h a t  F e  i o n s  d o p e d i n  t h e s e c r y s t a l s  r e s u l ヒ
i n  a s t r o ng c h a r g  e 圃 t r an s f e r t y p e ヒ r ans i t i on b e l ow t h e  a b s o r p t i on e d g e  o f  t h e  h o s t  
c ry s t a l s / 1 / . Th e m o l e c u l a r o rb i t a l  c a l c u l a t i o n  b y  K amb a r a、 e t a l . / 1 5 /  i n  t h e  1 7  a t o m ­
c l u s t e r  s u r r o un d i ng t h e  F e  i m p u r i ヒy l o c a t e d e m p t y  d l ev e l s  in ヒ h e b an d  g a p  s u p p o r t i ng 
o u r a s s um p t i on s . H o w e v e r  ， ヒ h e o r i g i n  o f  th e c o l o r  a ヒ i o n s e e m s  no t s o  s i mp l e . Even
t h o s e  c ry s t a l s  m a d e  f r o m  t h e  p u r e s t s o u r c e s  are c o l o r e d . I n  c o n t r a s t t o  CVT - c ry s t a l s , 
t ho s e  g r o wn f r o m  t h e  m e  l ヒ o r th e s o l u 七 i o n a r e  o f 七 e n c o l o r e d  i n  d ark b r own . 
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I n  F i g . 1 a b s o r p t i o n s p e c t r a  o f  u n d o p e d  a n d  F e - d o p e d  c ry s t a l s g r own b y  C V T  a r e 
p l o t t ed . / 1 2 / W e  p e r f o rm e d  t h e  c h e m i c a l  ana l y s i s  o f  F e  imp u r i t i e s i n  und o p e d  and F e ­
d o p ed s i ng l e  c rys t a l s  o f  C u G a S 2 , by which i t  was f o und t h a t  even the und o p e d  crys t a ls 
c o n t a i n ed F e- imp u r i t i e s to the concentration o f  the o rder o f  100  p p m .  I t  was a l so 
e l u c i d a t e d  t h a t t h e  ana l y z e d  c onc ent r a t i o n  o f  i r o n  in  t h e  g r own c ry s t a l  w a s  
a p p r o x i m a t e l y t h e  s am e  w i th t h e  n o m in a l  F e  c o n c e n t r a t i on o f  t h e  s t ar t ing mater ia l  a s  
l i s t e d  i n  Tab l e  1 .  

x l 03 
2 

T a b l e  1 R e s u l t s  o f  t h e  q u ant i t a t iv e  
Ch em i c a l  ana l y s i s  o f  F e  i n  und o p e d  and 
F e - d o p e d C u G a s 2 ・

'Fe concemration X 
analyzed 
0 .0 1 02 
0 .00367 
0 .001 1 9  
0.α)OJ I 
0.α)034 

。
。

Undoped # I  
Undoped #2 

nominal 
0 . 0 1  
0.003 
0 .α)OJ 

ピ
C
HH
ム
C」
r』

Sample name 

Fe 0 .0 1  
Fe 0.003 
Fe 0 .α)OJ 

｛－－
E
U｝

‘F
Z
U一
υ
正
弘
U
o
υ

z
o－
H
ι
z
o
ω
∞
《 2 

ENERGY ( eV )  

F i g . 1 P o l a r i z e d  ab s o r p t i o n  s p e c t r a  i n  
s i ng l e  c ry s t a l s  o f  u n d o p e d and F e - d o p e d 
CuG a s 2 

3 
。。

PHOTON 

U s i n g t h e  a n a l y z e d c o n c e n ヒ r a t i o n t h e  a b s o r p t i o n  c r o s s  s e c t i o n p e r  F e  a t o m  w a s  
e s t i m a t e d . A s  s e e n  i n  F i g . 2 t h e  e s t i m a t e d  a b s o r p t i o n  c r o s s  s e c t i o n i n  t h e  und o p e d 
s a m p l e s  w a s  a b o u t  t w i c  e ヒ h a t  o f  F e - d o p e d  s a m p l e s . I t  i s , t h e r e f o r e , c l e a r  t h a t 
ab s o r b i ng c en t e r s  o t h e 乞 than F e  a r e  i nvo l v e d . 

W e , t h e n , m e a s u r e d  a b s o r p t i on s p e c t ra o f  C uGaS 2 d o p e d  w i th 1 m o li. N i  i m p u r i t i e s . Th e 
r e s u l t  i s  p l o t t e d  i n  F i g . 3 ,  f r o m  wh i c h  i ヒ i s f o und tha t N i  a l s o  i n t r o d u c e s  s t r ong 
ab s o r p t i on b e l ow the b a nd g a p s i m i l a r t o  t h a t  o b s e rved in F e - d o p e d c ry s t a l s , a l t h o u g h  
d e t a i l s  o f  t h e  s t r u c t u r e  s e e m  t o  b e  d i f f e r en ヒ ．

〆M
e
d
・晶r』F』

x t a2 
1 5  

1 0  

｛
7
E
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υ一
hE
u
o
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3 
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5 

。。
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x 1 0吋 6
2 ，......ーー

E 11 ピ
ーー一一－ UNOOPEO ti I － ・・噂・一 UNOOPεo ;; 2  －－一一 Fe 0.00 I I 9 一一一 Fe 0.0 0 3 67 

｛
作ヒυ｝ZO一ドUUω
ωωoαυ
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一ト仏
αoω∞《

。 。

F i g . 3 P o l a r i z ed a b s o r p t i o n  s p e c t r a  
i n  und o p e d  a n d  N i 圃 d o p e d CuGas 2 ・

F i g . 2 A b s o r p t i on c r o s s  s e c t i on s  p e r  one F e  
a t o m  i n  und o p e d  and F e - d o p e d  C u G a S 2 d e duc e d  
f r o m  t h e  s p e c t r a  s ho w n  i n  F i g . 1 .  
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Mo r e  t h an 1 5  y e a r s  a g o  we d i s c o v e r e d  s h a r p  i nf r ar ed p ho t o l um i ne s c enc e ( PL ) l in e s  a t
0 . 6 1 3  eV i n  CuG a S 2 and a t  O .  7 3  e V  i n  CuAl S 2 ・ ／ 2 / PL s p ec t r a  o f  und o p e d  c ry s t a l s
m e a s u r e d  a ヒ 2 0 K are  shown i n  F i g s  ． 今 （ a ) and ( b) . 

CuGas 2 
CuAl s 2 

0.5 0.6 0.7 0.8 。5 0.6 0.7 0.8 
P H O T O  N ・J E N E R G Y (e V )  P H  O 了O N E N  ER  G Y (e V )  

( a ) CuGaS 勺 （ b ) CuAlS 勺
F i g . 4 Inf r a r e d  -pho to  l uminesc ence s p e c t r a  o f  undo p e d  CuGaS 2 and C�Als 2 c ry s t a l s

measured a t  20  K w i th t h e  e xc i t a ヒ i o n b y  th e 5 14 .  5 nm l i n e  o f  A r了 i o n l a s  e 乞 ・

日 i ヒh t h e  h e l p  o f  t h e  Z e eman s p e c t ru m  s h o w n  i n  F i g . 5 a n d  t h e  s p i n  H am i l t o n i an
d e ヒ e r m i n e d b y  EPR / 1 6 /  t h e  P L  l in e  i n  Ct,G a S 2 w a s  a s s i g n e d  t o ヒ h e l i � a n d  f i e �i 
ヒrans i t i on be tween the exc i ted mu l t i p l e t s  r1 and the g r o u-c:i d mu l ヒ i p l e t s A1 o f  F e  
i n  t h e  t e t r ah e d r a l  c o o r d in a t i on / 2 / .  T h e anoma l o u s l y  l o w  e n e r g y  p o s i t i o-n o f  t h e
t r ans i t i on w a s  e x p l a i n e d  by  t h e  t h e o r � t i c a l  a p p r o a c h e s  t a k i n g  i n t o  a c c o u n t  t h e  
configurat ion i n t e r a c t i on between t h e  3d-' mu l t i p l e t  s t a t e s  and t h e  charg e - tran s f e rre d 
s t a t e s . / 1 7  I 

We , r e c ent ly , me a s ur ed t h e  P L - exc i t a t i o n
s p ec tra  o f  the F e 圃 r e l a t e d l um i n e s c enc e , 
whi ch are shown in  F i g s . 6 ( a ) and 6 ( b )  
b y  s o l i d  c u r v e s . F o r  c o m p a r i s o n 
abs orp t i on s p ec tra o f  F e - d o p ed c rys t a l s  
a r e  p l o t t e d b y  d o t t e d  c u rv e s  i n  b o th  
f igures . I t  i s  c l ear ly o b s erved tha t  the 
thres ho ld  energy o f ヒhe exc i tat i on band 
a g r e e s  w i t h t h a t  o f ヒ h e i r on” i nd u c e d  
a b s o r p t i o n  b an d  H o w ev e r , o f  t h  e ヒWO
a b s o r p t i o n  p e ak s  i n t r o d u c e d by  i r o n ,  
only the l ow- energy p eak i s  found to b e  
ab l e  t o  exc i t e  the F e- re laヒed infrared 
lumine s c enc e . Th e h igh- energy p eak whi ch 
m a k e s  c r y s t a l s  d a r k  i n ヒ h e v i s i b l e
reg ion s e em s  no t t o  b e  d i rec t l y  r e l  a ヒ ed3+ ヒ o the Fe �93� 

CuGaSZ :f1 .. 2 )( 

4940 04� 
fNfRG l' l cin" ' I 

( a ) 

1 9�0 . � 

t • 

。
t ” C ll G Y le，.（・』

( b )  

2 1 
20 
1 ・
l・
�· 
!.3 
10 

” • QI()・

F i g . 5 Z e eman s p e c ヒ r a o f  the infrared PL 
l ine in  CuGaS "  

( a ) 0 b s e r v a t i o n  a n d  _ ( b-) c a 1 c u 1 a t i o n
4 6 3 urning T1 園 券 A1 i n  F e -' 
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I t  i s  c o nc l u d e d  t h a ヒ ヒ h e a b s o r p t i o n  b and iロ ヒ h e v i s i b l e  r e g i o n i n  CVT - g r o wn c ry s t a l s  
3+ is no ヒ d i r e c ヒ l y a s s o c i  a ヒ e d w i t h the Fe c en t e r  b u t  r e l  a ヒ e d t 。 s o m e o t h e r  c e n t e r s  

l i k e l y  t o  b e  a s s i g n e d  t o  a d e f e c t . T h e  d e f e c t  m ay b e  i n ヒ r o d u c e d e i t h e r  b y  d o p i ng o f  
t h e  t r ans i t i o n  e l em en t s  o r  b y  t h e rm a l t r e a tm e n t s .  

( 2 ) Relation b e tween the below-g ap. absorpt ion spec tra and infrared photoluminescence­
in undoped CuGaS2 grown by the chemical transport 

W e  m e a s u r e d b o ヒ h b e l o w - g a p  a b s o r p t i o n  s p e c ヒ r a a n d  i n f r a r ed p h o t o l u m i n e s c enc e s p e c t r a 
on t h r e e  s am p l e s  s u p p l i e d  b y  N a g a o k a  T e chni c a l U n i v e r s i ty .  T h e s e  c ry s t a l s  w e r e  g r own 
b y  the c h em i c a l  t r an s p o r t  t e c hn i q u e  w i ヒ h d i f f e r e n t  g r o w th c o nd i t i o n s . A s  s h o wn i n  
F i g . 7 ヒ h e s e t h r e e  s am p l e s  s h o w  d i f f e r e n t  f e a t u r e s  o f  a b s o r p t i o n  s p e c t r a  a l t h o u g h  
s t a r t i ng m a t e r i a l s  w i t h t h e  s am e  p u r i ヒ y w e r e  e m p l o y e d . O f  t h e  t h r e e  c u rv e s , t h e  s o l i d 
o n e  h a s  r a t h e r  d i f f e r e n t  f e a t u r e  f r o m  t h e  o t h e r ; t h e  s am p l e  w a s  t h e  d a r k e s t o f  t h e  
t h r e e  s a m p l e s  m e a s u r e d . T h i s  c r y s t a l  w a s  p r e p a r e d  b y  q u e n c h i n g f r o m  t h e  h i g h  
t em p e r a t u r e  d u r i n g  t h e  c h em i c a l  t r ans p o r t . 

3 +  T h e  F e  p h o t o l u m i n e s c e n c e s p e c t r a  a t  2 0 K a r e  s h o w n i n  F i g . 8 .  T h e F e - r e l  a ヒ e d
e m i s s i o n  l o s e s  i n t e n s i t y a s  t h e b e  l 。 w - g a p a b s o r p t i o n i n c r e a s e s . N o  i n f r a r e d  
l u m i ne s c e n c e  l i n e  w a s  o b s e rv e d  i n ヒ h e q u e nc h ed s a m p l e  i n  w h i ch s t r ong b e l o w - g ap 
ab s o r p t i o n  wa s o b s e r v e d . · 
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F i g . 8 In f r a r e d  p h o t o l um i n e s c en c e  
i n  t h e  s am e  CuG a s 2 s i ng l e  c rys t a l s  
a s  s ho wn i n  F i g . 7 .  
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d i f f  e r e n ヒ g r o w t h  c o nd i t i o n s . 
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Thi s  res u l t s  apparent l y  d en i e s  a d i rec t r e l a t i onshi p b e ヒween the F e3+ center and the
be low四gap abs o r p t i on band . However , i t  shou l d  a l s o  b e  no ted  tha ヒ re-ab sorp ヒ ion o f  the 
emi t t e d  l ighヒ may occur  in d ark s amp l e .  Ano ther  interp r e t at ion i s  that val ency o f  Fe 
chang ed f rom t r iva l ent to  d iva l ent . Therefore , we wou l d  l ike to l eave the conc l u s ion 
to the fu ture  works  inc lud ing E P R  charac t er i z  a ヒ i ons .

L u m i n e s c e n t工 n f r a r e d  F e - r e l a t e d  。 £A s s i g nm e n t  a n d  C h a r a c t e r i z a t i o n 
Centers in CuGaS2 and CuAlS 2/13/ 

( 3 )  

In cha l co pyri t e ー ヒype c o mpound s , i r on i ons are u s ua l ly as s u.med ヒo subs t i t u t e  the group  
工工工 a t om  s i ヒ e , s inc e ther e exi  s ヒ s a comp o und CuFes 2 ・ However , i t  i s  no t s e l f - ev i d enヒ
whether  trans i t i o n  a t om s  subs t i t u ヒ e ヒhe group 胃 I o r  gr o up 圃 I I I s i t e s  when they are 
d o p ed in very l ow c oncent ra t i on ． 工a order to e lu c i d a t e ヒh i s p o int we  gr ew s o l i d ­
s o l u t i on  C玄ys ta l s w i t h  d i f fe r en t  compos i t io n  o f  two g roup  工 工 Z e l�lflents , i e .  CuA lvGa1 _  
x S z w i t h  x , v�r i e d  b e t w e e n  0 and  1 . 0 .  W e  e m p l o y e d  t h e  F e －＇＇・ r e l a t e d  i n f r a r ed 
pho to lumines c ence  a s  a p rob e  to e s t ima ヒ e the l o c a l  a t omic  arrangement s  around the 
imp ur i ヒy a t o m . 

F ig . 9 ( a ) s hows infrared P L  s p ec tra  in undoped  s ing l e  crys t a l s  of  CuA11 圃xGaxS 2 ・
Es s ent i a l l y  the s am e  tr end was o b s e rved in th e F e - d o p ed  s amp l es . A s  shown in the 
f i gure , c rys ヒ a l s w i ヒh the ex七reme c ompo s i t i ons , i . e . x=O ( CuAl S 2 ) and x=1 ( CuGa S 2 ) , 
show a sharp P L  l ine w i ヒh l inew id th  l e s s than 1 meV . On th e o ther hand , tho s e  wi ヒh
int erme d i  a ヒ e c om p o s  i ヒ i ons show no sharp PL l ine but a broad  PL b and cons i s ヒ ing of  
s ever a l  equa l ly- s p ac e d  f ine s ヒrue ヒure s .

x i 

x 1 . 5  

b 

2 ．0
VFト
切之凶←z
てt

x I a 

20
戸ド慨を凶トz
d比

In CuAL _ _ Ga ・ aS · F e a l l  of the f our next1 咽 X x 2 ・
neighb o r  (nn )  s i t e s  o f  F e  a r e  occup i ed 
b y  s u l f u r  a t o m s , an d th e ヒw e l  v e  nnロ
s i tes are o c cup i ed by Cu and g roup I 工 z
e l em en t s . T h e r e  a r e  t w o  c a s e s  i n  t h e  
o c c u p a n c y  o f  G a  o r  A l  a ヒ o m s i n ヒ h e 
n . n . n .  s i t e s  d e p end ing on whe ther the F e  
i on s ubs t i tu ヒ e s t h e  g ro u p  I I I  a t o m  s i t e  
( Ca s  e 工 ） o r ヒ h e C u  s i t e  ( C a s e I 工 ） . I n  
C a s e I e i g  h ヒ o f t h  e ヒ w e l v e ロnn s i t e s  
are res e rve d  f o r  C u  at oms , s o  tha ヒ only
:he r emaining four are o c c u p i ed by the 
g r o u p  I I 工 a t o m s  ( e i t h e r  G a  o r  A l ) . 
T h e r e f o r e ,  t h e r e  a r e  f i v e  k i n d s  o f  
a ヒ o m i c  a r r ang e m e  a ヒ s d e p en d in g  o n  t h e  
o c c u p  a ヒ i o n n um b e r  o f  A l  a n d  G a  i n  t h e  
f o u r  s i t e s , thu s g iving f ive  z e玄o- phonon
l i n e s , p r o v i d e d  t h a t  o n e  z e r o  l i n e  
c orどe sponds  t o  each a t omi c  arrang ement . 
On t h e  o t h e r  h and , i n  C a s  e 工 工 ヒ h e nnn 
s i ヒ e s h av e e i g h t  s e a t s  f o r  g r o u p  I I I  
e l emenヒS and f o ur f or  Cu , r e s u l t ing in 
nine z ero 田 phonon l ines as s o c i a ヒ e d w i th 
nine p o s s ib l e  l o c a l  a t omic  a rrangement s .  

0 . 5  0 . 6  0. 7 0 . 8  

PHOTON ENERGY(eV) 
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F r o m  t h e  P L  s p e c t 玄 a s h o w n  i n  F i g . 9 ( a ) , o n e  f i n d s t h a t  t h e  f i n e  s t r u c t u r e s  a r e  
a p p r o x i ma t e l y e q u a l l y 圃 s p ac e d w i th a s e p ar a t i o n  o f  a b o u t  1 3  meV . Th e va lue a g r e e s
q u i t e  w e l l  w i th ヒ h e o n e  c a l c u l a t ed b y  d i v i d i ng t h e  e n e r g y  s e p a r a t i o n  b e tw e en t h e  PL 
energ i e s  of CuA l S 2 : F e and C u G a s 2 : F e by e i g h t  s p a c i ng s , i . e .  ( 0 . 7 2 ・ 0 . 6 13 ) / 8=0 . 0134 .
Thi s s u g g e s t s  t h a t t h e  C a s e I I  h o l d s  i n  o u r  s y s t em .  

A s s u m i ng t h a t  o n e  z e r o ・ phonon l i n e  c o r r e s p o n d s  t o  e ach a t o m i c  a r r ang e m en t , w e  c an 
s im u l a t e  t h e  s p e c t r u m  by u s ing n i n e  eq u a l l y s p ac e d  G a u s s i an l in e s  w i th r e l a t i v e  
i n t en s i ty g i ven b y  t h e  p r o b ab i l i ty Pn ・ We a d j u s t ed t h e  l in e  p o s i t i on s  s o  a s  to g i v e
t h e  b e s t  f i t  t o  t h e  o b s e r v e d  s p e c fr u m . I n  F i g . 9 ( b )  t h e  s i m u l a t e d r e s u l t s  a r e  
d emons t r a t e d . M o s t  o f  t h e  o b s e rv e d  s t r u c t u r e s  a r e  r e p r o d u c e d  b y  t h e  s imu l a t i on ,  
a l t h o u gh a g r e e m e n t  i s  n o t  s a t i s f a c t o r y  f o r  t h e  l o w e n e rgy p a r t  of the s p e c t ru m . T h e  
d i s a g r e em e n t  may b e  d u e  t o  o u r  n e g l e c t  o f  p h o n o n  s i d e  b and s wh i ch e x i s t  i n  th e l o w  
e n e r gy s i d e  o f  t h e  z e r o ・ p honon l i ne a s  ob s e rv e d  i n  t h e  c a s e o f  x = O  o r  x=l . 

i on s ub s t i t u t e s t h e  C u - s � t e ,  c o nt;,rary to the c ommon ly 
3+ 3 + 3+ m ay s ub s t i t u t e  t h e  G a ... o r  A l ... s i t e  to a t t a i n  t h e  

F e 3+ 
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。 £Pho t o l umine s c enc e D e c ay Charac t e r i s t i c s  
工 nfrared Luminescent Center 

( 4 ) 

F r o m  t h e  a b o v e 圃 m e n t i o n e d s t u d i e s  w e  f o und tha t t h e  
F e  ... + - r e l a t e d i n f r a r e d  l um i n e s c enc e h a s  a n a r r ow 
l i n e - w i  d ヒ h a n d  a n  e f f i c i e n t  e x c i t a t i o n  b a n d  i n  
h i g h e 玄 e n e r g y . S o  i ヒ c a n  b e  a c a n d i d  a ヒ e o f  a 
th r e e - l ev e l s o l i d - s t  a ヒ e l a s e r  ma t er i a l . Fo r ヒh i s
p u r p o s e  i t  i s  n e c e s s a ry . t o know t h e  r e c o mb i na t i o n 
l i f e 帽 t i m e  o f  t h e  p ho t o l um i n e s c enc e . 

W e  m e a s u r e d  a t i m e - r e s o lv ed s p e c t rum o f  t h e  F e 圃
r e l a t e d pho t o l u m i n e s c e nc e u s i n g  a p u l s e d Xe 岨 f l a s h  
l amp and a b o x c a r  i n t e g r a t o r . The d e c ay c u rv e s  o f  
t h e  p h o t o l u m i n e s c e n c e l i n e s  a r e p l o t t e d i n
F i g . 1 0 .  

F i g . 1 0  P h o t o l umine s c enc e 
d e c ay c u 玄ve o f  t h e  F e - r e l a t e d 
e ロ i s s i o n i n  ( a ) C u G a S ゥ
and ( b ) C uA l s 2 ・ 一

The d ec ay t i m e  o f  t h e  PL w a s  f o un d  t o  b e  1 m s  and 
0 . 7  m s  for C u G a s 2 and C u A l S 2 , r e s p e c t ive l y .  T h u s
i t  i s  c o nc l u d e d ヒ h a t t h e  r e c o mb i na t i o n l i f e - t i m e s  
o b s e r v e d  w e r e  s u f f i c i e n t l y  l o n g  t o  c o n s ヒ r u c t a 
s o l i d s t a t e  l a s e r .  

( 5 ）百hat occurs when the iron concentration i s  increas ed .

Wh e n  the F e  c o nc e n t r a t i o n  exc e e d s  1 w ti. one f i nd s an in c r e a s e i n  t h e  ab s o r p t i o n  b e l o w  
0 .  6 e V  t o w a r d s  l ow e n e r g i e s . Th i s  t end ency i s  c l e a r l y  s e e n  i n  t h e  ab s o r p t i o n and 
p h o t o c o n d u c t i v i t y  s p e c t r a  o f  C u i n S 2 : F e s h o w n  i n  F i g . 1 1 . / 1 0 /  T h e r i s e in t h e
a b s o r p t i o n  c o e f f i c i en t  t o w a r d s  l o w  e n e r g i e s i s  t h o u g h t  t o  b e  a f o o t  o f  a n  abs o rp t i o n 
b and ex i s t i ng i n  th e m i d d l e 帽 i nf r a r e d r e g i o n . D u e  t o  an exp e r i m e n ヒ a l d i f f i c u l t y w e  
have n o t  o b t a i n e d  a c o m p l e t e 予 p e c t r a l  s h a p e y e t . H o w e v e r ,  i t  c an b e  a s s i g ned t o  t h e  

2+ l i g and f i e l d ヒ r ans i t i on i n  3 d v  m an i f o l d  l o c a l i z e d a ヒ t h e F e  c en t e r  s i n c e  F e  d o p e d 
i n  CuG a S っ a t t h e  c o n c en t r a t i o n  o f  6mol 立i s h o w s  an i n t ens e a b s o r p t i o n  i n  t h e  0 . 3 - 0 . 6  e V
玄 e g i o n as s h own i n  F i g . 1 2 . / 9 /  
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F i g . 1 1  Ab s.o r p ヒ i on s p e c t r a  in CuinS 2 
d o p e d  w i th F e .  

F i g . 1 2 Ab s o rp t i on s p ec t rum 
of CuGaS  2 d o p ed w i th 6 11101 % Fe 

Further inc r e a s e i n  F e  conc ent r a t i o n  makes the  crys t a l  b l ack t o  red - b l ack . When the 
i ron c o nc ent r a ヒ i on exc e e d s  1 2 ・ 1 4 mo li. ( nominal v a l u.e ) s amp l e  b e comes s h iny w i th g 。 l d en
l u s t er . / 7 /  S imu l t aneo u s ly ,  the  abs o lu t e  va l u e  and the  ac t iv a t i on energy of  e l e c t r i c  
c ondu c t iv i ty s how a j ump at  t h e  c oncent r a t ion . / 6 /  The s e  exp erimen t a l  resu l t s  were  
interp r e t e d  a s  due  t o ヒhe forma t i o n  o f  F e 四 re l a t ed b and i n ヒhe c ry s t a l . Howeve玄 ， EPR
o b s e rva t i on at S t r a s b o urg ind i c a t ed the  f o rma t i on of p ai 玄 s , t r i ad s  or s uch c l u s t e rs ,
ind i c a t ing tha t s om e  kind o f  p erco l a t ion p a t h  p rob l .ems i n  the  random ne twork a r e  

2 +  i nv o l v e d . / 1 8 /  T r a c e  o f  F e  w a s  a l s o  o b s e r v e d . 工 t i s , t h e r e f o r e , i m p o r t an t  t o  
r e 輔 examine t h e  ac c u r a t e  compo s i t io n  and uni formi t y  o f  F e  c onc entr a t ion .

60 

。0 1.0 2.0 玉0 ‘0 ,,0 60 
PHOTON ENERGY （ ・v ) 

F i g . 1 3  Ref l e c t ivi ty s p e c t ru m
o f  C u F e s 2 f r o m  0 . 0 2 t o  6 e V .

叫o＇.，司、4
08 
z 
－ :::a・包
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Forma t i on o f  d - b and i s  o bv i o u s  in CuFes 2 , which i s
t h e  c o nc e n t r a t e d  l i m i t o f C u G a 1 ・ xF ex S z ・ Th e
reduced  s ub l a t t i c e  magn e t i z a t i o n  cou l d  b e  accounted 
f o r  only by the b and f o rma t i o n .  Th i s  c onj ec ture  
was  also  conf i rm e d  b y  the  band  c a l c u l a t ion . / 1 9 / 

I t  h a s  a l s o  b e en d e m o n s  t 玄 a t e d b y  t h e  M o s s b a u e r  
mea s urement/ 2 0 /  t h a t  N e e l  t emp e r a t u re inc reas e s  
w i t h  F e  c o n c e n t r a ヒ i o n a n d  t h e  t e m p e r a t u r e  
d e p end enc e curv e s  o f  t h e  s p on ヒ aneou s magne t i z a t i on 
f o r  w i d e  r ang e o f  F e  concen t r a t ion s c a l e s  t o  o ne 
cu工ve , ind i c a t ing the  fo rmat i o n  o f  d -b and o c c u r s  
f r o m t h e  v e r y d i l u t e  r e g i o n  o f  t h e  F e  
conc enヒ r a t i on .

( 6 )  Optical P玄ope玄ties of CuFes 2

A re f l ec t ivi ty s p ec t rum f rom 0 . 0 2 eV up  t o  6 eV 
m e a s u r e d  o n  t h e  p o l i s h e d  s u r f a c e  of  a C u F e s 2 
s i n g l e  c r y s t a l  g r o w n  b y  B r i d g m a n  t e c hn i q u e  i s  
s h o wn i n  F i g . 1 3 . / 2 1 /  T h e  a b s o r p t i on s p e c t r u m  o f  
CuFeS 勺 c a l c u l a ヒ e d f ro m  t h e  ref l ec t ivi t y  s p ec t rum 
is s hown in F i g . 1 4 .  S ヒrong ab s o rp t i on b and s 
d eno t ed as  A and B ar e s een  b e tween 0 . 6  and 3 . S ey 
, wh i ch was as s i gned t o  the . b and - t o - b and trans i t ion  
from  va l enc e b and  t o  t h e  F t; :- o r i g ina t e d  cond u c t i on 
b and . E:x:is  t enc e o f  t h e  s tr'ong ab s o rp t i on in the  
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F i g . 1 4  C al c u l a ヒ e d abs o r p t ion  
s p ec t rum o f  CuFeS 2 ・



near- infrared ヒ o v i s ib l e region account s f o r  the g o ld en l u s t e r  o f  this  crys t a l . 

We  have a l s o  m e a s u r e d  p ho t o e l ec tron s p ec t r a  in  CuFe S 2 u s ing synchro tron r ad i at i o n  t o  
eluc i d at e th e e l ec troni c s ta t e s  o f  the  val enc e b and . B y  r e s onant pho t o emi s s ion th e 
s truc ture j u s t  b e low  t h e  F ermi l ev e l  has b een a s s i g ne d  to  the F e  3 d  s t ate  hybr i d i z ed 
wi th the S 3 p  s t at e . / 2 2 /  

Conclusion 

E l ec t roni c s t ru c t ures  as s oc i at e d  wi th the i ron atoms  in ヒhe c h a l c o p yr i t e  crys t a l  were 
inve s � i g a t e d . In  the  l o w  conc entra t i on ,  the  iron  was f ound t o  s ub s ヒ i tu t e the Cu s i t e  
a s  F e..J• r es u l t ing in a s harp infrared pho to lumin e s c enc e .  H i gh e r  c o nc ent r a t ion c a u s es  
the  c r y s t a l  o p a q u e . T h i s  is  i ri ヒ e r p r e t e d as  d u e  t o  t h e  c h ar g e  t r an s f e r  t y p e 
t rans i t ion . F u r ther  d op ing l e a d s  to a form a t i on o f  the d 唱 b and o r  the  p erco l a t ion  
ne twork . In CuF es 2 ヒhe g o lden l u s t e r  i s  a t t r i bu t ed t o  a s t rong abs or p t i on a s s o c i a t e d
with  the  d - b and . 
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OPT工CAL PROPERT工ES OF Mn-DOPED CRYSTALS 
OF CuAlSz AND CuAlSez

K .  S a t o , K . 工 s h i i , K .  O h e , K .  W a t an a b e  and Y .  Ku d o  
F a c u l t y o f  T e chno l o g y , T okyo U n iv e r s  i ヒy o f  Ag r i c u l t u r e  

a n d  T e c hn o l o g y , Ko g an e i ,  T o ky o  1 8 4 , J a p an 

O p t i c a l  p r o p e r t i e s o f  M n  i o n s  i n  C u A 1 S 2 a n d  C u A 1 S e 2 w e r e
i n v e s t i g a t e d . M n  b e c o m e s  d i v a l e n t  i n  C u A l S 勺 t o b e  a r e d  
1 u m i n e s  c e nc e c en t e r . T i m e - r e s  o 1 v e d  p h o ヒ o l u m i n es c en c e  s t u d i e s  
r ev e a l e d a n  e n e 玄 g y t r an s f e r b e tw e en t h e  h o s t  and t h e  c en t e r . 

2 +  R e d  p h o t o l u m i n e s c e n c e d u e  t o  M n  w a s  o b s e r v e d  i n  d i l u t e
3 +  C uA 1 S e 2 : Mn .  Mn i s  s u g g e s t ed in h e av i l y  d o p e d s amp l e s • 

工ntroduction 

B and g a p s  i ロ ’ ヒ e: t n a r y c h a l c o p y r i ヒ e s em i c on d u c t o r s  t ak e  a w i d e  r a ng e of v a l u e s  f r o m  t h e  
i n f  r a r e  d ヒ o t h e  u l t r a v i o l e t . O f  t h e s e c o m p o u n d s C u A 1 S 2 i s  t h e  o n l y  o n e  s ヒ a b l e
m a t e r i a l  t h a t h a s  a b an d  g a p  i n  t h e  u l 七 r av i o l e t r e g i o n : Th i s  mak e s  th i s  m a t e r i a l  a 
p o s s i b l e h o  s ヒ f o r  v i s i b l e l u m i n e s c e n c e  c en ヒ e r s . W e  a l r e a d y  r e p o r ヒ e d s p e c t r a  o f  t h e  
p h o ヒ O l u m i n e s c enc e ( P L ) / 1 /  a n d  t h e  e l e c t r o l um i n e s c enc e ( E L ) / 2 /  i n  m ang an e s e - d o p e d  s i ng l e  
c ry s t a l s  o f  C uA 1 S 2 ・ ト1 e a s u r e m eロ ヒ s o f  e x c i t a t i o n s p e c t r a  and s ub s e q u en ヒ ヒ h e o r e ヒ i c a l
an書 l y s e s a l l o w e d  u s  t o  a s s i g n  t h e  l um i n e s c en c e  t o ヒ h e l i g and - f i e l d t r ans i t i o n  i n ヒ h e

2 +  . 2 +  3 d -' - rn an i f o l d s  o f  M n  s i m i l a r ヒ o ヒ h e c a s e o f  Mn ・ 1 u m i n e s c en c e  i n  z i nc s u l f  i d e / 1 / . 
H o w e v e r , t h e  m e c h an i s m  o f  r e c o m b i n a t i o n  h a s  no t f u l l y  b e e n  und e r s t o o d . 

I n ヒ h e p r e s en t  w o rk w e  s t u d i e d t h e  o p t i c a l  p r o p  e ど t i e s s u ch as a b s o r p ヒ i o n a n d  P L  
s p e c t r a  i n  s i ng l e  c r y s t a l s  o f  C u A 1 S 2 d o p e d  w i t h v a r i o u s  c o nc en t r a t i o n o f  Mn i o n s . 
O p t i c a l  s t u d i e s  o n  u n d o p e d  c r y s t a l s  w e r e  a l s o  c a r r i ed o u t  f o r  t h e  s ake o f  c o mp a r i s on .  
W e  a l s o  c a r r i e d  o u t  s i m i l a r e x p e r i ment s i n  u nd o p e d  and Mn- d o p e d  c ry s t a l  s 。 f C u A 1 S e 2 
w i t h an e n e 工 g y g a p  a t  2 . 7  eV . 

Experimental 

S i ng l e  c r y s t a l s  w e r e g r o wn b y ヒ h e c h e m i c a l  v a p o r  t r a ns p o r t  t e c h n i q u e  u s i ng i o d i n e  a s  
a ヒ r an s p o r t i n g a g e n ヒ ． S t a 玄 七 ing m a t e r i a l s  w e r e  p o l y c r y s t a l l i n e  p o w d e r  o f  C u 2 s o r
C u 2 S e ,  A l , and S o r  S e .  Th e s e w e r e s e a l e d  i n  va c u o  w i ヒ h a p p r o p r i a t e  a m o u n ヒ o f i o d i n e
i n t o  a f u s e d  s i l i c a  a m p o u l e  w i ヒ h i ヒ s inn e r  w a l l  c o  a ヒ e d b y  p y r o l y t i c c a r b o n . M a n g a n e s e  
d o p i n g  w e r e  p e r f o r m e d  b y  m i x i n g  a p p r o p r i a t e  a rn o u n ヒ o f M n S  p o w d e r  t o  s ヒ a r ヒ i n g
rna t e r i a l s . , I n t h e  f o l l o w ing w e  d e no ヒ e t h e  c o n c e n t r a t i o n o f  Mn b y  t h e  r a ヒ i o o f  MnS t o  
t h e  t o t a l a m o u n t  o f  s ヒ a r t i ng m a t e r i a l s  i n  w e i gh ヒ p e r c en t . 

U n d o p e d c r y  s ヒ a l s  o f  C u A l s 2 w e r e  c o l o r e d  i n  d e e p  b l u e  d u e  t o  t h e  p r e s e n c e  o f  a n
i n t e n s e  a b s o r  p ヒ i o n i n  t h e  r e  d ー ヒ o - g r e e n w a v e l e n g t h s . M a n g a n e s e  d o p i n g , h o w e v e r ,  
b l e a c h e d  the c o l o r , i nc r e a s i n g t r ans p a r e n c y  o f  t h e  m a ヒ e r i a l . On t h e  o t h e r  h and , 
und o p e d c r y s t a l s  o f  C uA 1 S e 2 w e r e  t r ans p a r en t  w i t h a y e l l ow c o l o r .  Mang an e s e d o p i n g  i n
h i g h  c o n c en t r a t i o n c h an g e d  t h e  c o l o r  i n t o  d a 工k r e d d i s h  o r ang e .  

O p t i c a l  a b s o r p t i o n  s p e c t r a  w e r e  m e a s u r e d  w i t h a H i t a c h i  U 岨 3 1 0 0 仁 y p e
s p e c t r o p h o t o m e t e r . CW 四 P L s p e c t r a  w e r e  m e a s u r e d  w i t h  t h e  4 8 8  nm l i n e  o f  an A r '  i o n 
l a s e r . T h e  p h o ヒ o d e ヒ e c ヒ o r u s e d w a s  e i t h e r  a p h o ヒ o mu l t i p l i er o r  a c o o l e d  G e  p h o t o d i o d e . 
F o r ヒ i rn e 『 r e s o l v e d P L  m e a s u r e m en t  w e  emp l o y e d  a p u l s e d N 2 l a s e r and a B o x c a r  Ave r a g e r . 
D e ヒ a i l s  o f ヒ h e ヒ i m e 田 r e s o l v e d m e a s u r e m en ヒ s w i l l  b e  p u b l i s h e d  e l s ewh e r e / 3 / . R e f l e c t i o n 
p h a s e s h i  f ヒ ー d i f f e r e nc e ( P S D )  s p e c t r o s c o p y  h a s  b e en kn o wn t o  p r o v i d e  an e x a c t p o s i t i on 
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o f  the  a b s o rp t i on e d g e  i n  o p t i c a l l y  ani s o t r o p i c  m a t e r i a l s  l ik e  c h a l c o p yr i t es / 4 / . W e  
m e a s u r e d  t h e  P S D  s p e c t r a  b y  means o f  p o l a r i z a t i o n  mo d u l a t i o n ヒ e c hn i q u e w i th a h e l p  o f  
a p i e z o b i r e f r ing e n t  mo d u l a t o r . 
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F i g u r e  1 s ho w s  ab s o r p t i on s p e c t r a  o f  und o p e d and 
m a n g a n e s e 四 d o p e d  s i n g l e  c r y s t a l s  o f  C u A l S っ ・ T h e 
u n d o p e d  c r y s t a l  ( c u r v e  ( 1 ) ) h a s  a c o s i d 長 r a b l y
l a r g e  a b s o r p t i o n c o e f f i c i e n t  i n  t h e  b e l o w 国 g a p  
energy re g i on , s h o w ing  cha ra c t er i s t i c  ab s o r p t i o n  
b an d s  w i th p e aks  a t  1 . 3  and 1 . 9  e V  a s  w e l l  a s  a 
s h o u l d e r  s t r u c t u r e  a r o u n d  3 e V . A s  p l o t t e d  b y  
c u r v e  ( 2 ) o n l y  t h e  s l i g h t d o p i n g o f  m a n g a n e s e  
l e a d s  t o  a d r a m a t i c  r e d u c t i o n  o f  t h e b e l o w - g a p  
a b s  o r  p ヒ i o n .  W h e n t h e  m a n g a n e s e  c o n c e n t r a t i o n 
i s  i nc r e a s e d  th e a b s o r p ヒ i o n edg e shi f t s  towa r d s  
l o w  e n e r g i e s . A s  s h o w n b y  t h e  c u r v e  ( 4 ） ヒ h e 
a b s  o r  p ヒ i o n  e d g e o f ヒ h e 1 w t %  M n - d o p e d  s a m p l e  
a p p e a rs  a t  3 . 1  e V . Th e s h i f t  amoun t s  to a s  l ar g e  
a s  0 . 3  eV . 

R e f l e c t i o n  P S D  s p e c t r a  i n  u n d o p e d a n d  M n - d o p e d 
c ry s ヒ a l s a ヒ r o o m ヒ em p e r a t u r e were  m e a s u r e d ヒ o f ind 
wh e ヒh e r the a b s o r p t i o n  edge  s h i f t  i s  c au s ed by the  
r ed u c t i o n  of  th e ene r g y· g a p  o r  b y  th e f o o t of  a n  
i n t ens e ab s o r p t i on b and j u s t  b e l o w  t h e  ed g e .  The 
p e aks i n  the PSD s p e e  t rum i n  cha l c o py r i  tes h av e  
b e e n  a s s o c i a t e d  w i t h b a n d  e d g e  ex c i t o n s . T h e 
r e s u l t s  a r e  p l o t t e d  i n  F i g . 2 . W e  f i n d  o n l y  a 
s m a l l  d i f f e r e n c e i n ヒ h e p e ak p o s i t i o n s  b e t w e e n 
u n d o p e d  a n d  M n - d o p e d  s a m p l e s . T h e s h i f t  w a s  a s  
s ma l l  a s  0 .  0 4  e V , wh i c h  c o u l d  n o t  a c c o unt f o r  the  
o b s e r v e d  a b s o r p t i o n  e d g e  s h i f t  o f  0 . 3  e V . W e , 
t h e r e f o r e , c o nc l u d  e 七 h a t the  e d g e  s h i f t  i s  c a u s e d 
b y  an ex t r a  ab s o r p t i o n  b and j us t  b e l ow the  g a p . 

A s  r e p o r t e d  i n  o u r  p r e v i o u s  p a p e r s , a C 日 － P L
s p e c t ru m  o f  CuA l s 2 : Mn shows  a l u m ine s c enc e b an d  
w i t h a p e ak a t  1 . 9 6 e V . T h e  s p e c t r a l  s h a p e  and t h e  
p e ak p o s i t i o n s h o w  n o  s u b s t a n t i a l  c h a n g e s  b y  
c h a n g i n g t h e  e x c i t a t i o n w a v e l e n g ヒ h . A t i m  e 唱
r e s o lved  P L  m e a s u r em e n t  i n  a .5 mo l io ( =1 .  7 w tio )  Mn ­
d o p e d c ry s t a l  rev e a l e d t h a t  the  s p e c t r a l  s h ap e d i d  
no t show a s u b s t an t i a l  chang e thro ugho u t  th e t i m e  
i n t e rv a l  o f  t h e  m e a s u r ement / 2 / .  Th e d e c ay t i me o f  
t h e  r e d  b a n d  w a s  d e t e r m i n e d  a s  1 2 0 u s . I n  t h  a ヒ
s t u d y , h o w e v e r ,  w e  o b s e r v e d  o n l y  f o r  t h e  
w a v e l e n g t h  r e g i o n l o n g e r  t h a n  5 0 0  nm . I n  t h e  
p r e s ent s tu d y  w e  ex t end e d  the wave l eng th reg i o n  t o  
c over  a l l ove r th e b e l ow - g a p  energ i e s . 

In F i g  • 3 t i m e  - r e s  o 1 v e d PL s ·p e c t r  a in an und o p e d 
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u n d o p e d  C u A l S 2 a t  R T .  



C u A l S っ m e a s u r e d a ヒ r o o m  t e m p e r a t u r e  a r e  
i l l u s t ra t e d . L u m i n e s c e 凶 e i n t ens i t y ( v e r t i c a l  ax i s ) 
i s  p l o t t e d i n  a l o g a r i t h m i c  s c a l e . S p e  c ヒ r a a r e  
c o r r e  c ヒ e d f o r  t h e  s p e c t r a l  r e s p o n c e o f  t h e  
m e a s u r i n g  s y s ヒ e m . A ヒ ヒ h e l e as ヒ m e a s u r a b l e - d e l ay 
ヒ i m e o f  2 5 n s  a f t e r e x c i t  a ヒ i o n ヒ h e PL s p e c t r u m  h a s 
a b r o a d  m a x i m u m  a r o un d  2 . 2 e V . Th e h i g h e r  e n e 玄 g y
p a r t  o f ヒ h e p e a k  r a p i d l y  l o s e  i n ヒ e n s i ty i n  l e s s  
t h a n  5 0  n s  and i n ヒ e n s e p a r ヒ o f ヒ h e l u m i n e s c en c e 
b an d  m o v e s ヒ o w a r d s l o w  e n e r g i e s . F i n a l l y a p e ak a t  
1 . 7  e V  r em a i n s  an d d e c a y s  b y  1 0  u s . 
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〉トあUい
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1 0 2 工a F i g . 4 ヒ i m e r e s o l v e d  s p e c ヒ 玄 a i n  0 . 1 w ヒ Z M n ­

d o p e d  c r y  s ヒ a 1 a r e  p r e s e n ヒ e d .  A ヒ 2 5 n s  a f ヒ e r 
e x c  i ヒ a ヒ i o n  t h e r e  a p p e a r ヒ w o p e a k s  a ヒ 1 . 7 a n d  
2 . 9 eV . Th e l o w e r  p e ak d e c ay s  w i ヒ h a l i f  e ヒ i m e o f  
5 0 0  n s , w h i l  e ヒ h e h i g h e r  p e a k d e c a y s  b y  5 0  n s . T h e  
r e l  a ヒ i v e i n ヒ e n s i t y o f  M n - o r i g i na t e d  e m i s s i o n  w i ヒ h
a p e a k  a ヒ 1 . 9 6 e V  i s  v e r y w e· a k  a t ヒ h e i n i t i a l  
s t a g e o f  r e l ax a ヒ i o n  a n d  b e c o m e s  p r o m i n e n t  o n l y  a t  
a d e l ay t i m e  a s  � a ヒ e a s  1 u s . W i ヒ h ヒ h e u s e  o f  X e  
l am p  exc i ヒ a t i o n w e  d e ヒ e r m i n e d ヒ h e d e c a y ヒ i m e o f  
ヒ h e 1 . 9 6 e V  p e ak a s  1 . 4 m s . 

1 0  1 .0 1.5 2.0 2.5 3.0 3.5 
PHOTON ENERGY ( eV l 

F i g . 4  T i m e - r e s o l v e d  P L  s p e c t r a  i n  

0 . 1  w t7. H n ” d o p e d CuAlS 2 ・

Th e s a m p  1 e s h o w i n g t h e  m o s ヒ b r i g h t  l u m i n e s c e n c e 
w a s  o n e  d o p e d w i ヒ h 1 w 七 7. m a n g a n e s e .  A s  
i l l u s ヒ 工 a ヒ e d i n  F i g . 5 ヒ i m e - r e s o l v e d s p e c ヒ r a o f  ヒh e 
1 w t 7. M n - d o p e d s a m p l e  s h o w  a p r o m i n e n ヒ p e a k a ヒ
3 e V  w i ヒ h a d e c a y ヒ i m e o f  5 0  ns . T h e  Mn - o r i g i n a ヒ e d
1 .  9 6  e V 『 b a nd i s  c l e a r l y  o b s e r v e d  f r o m  t h e  d e l a y 三 、
ヒ i m e  o f  a s  e a r l y  a s  3 0  n s . T h e  l i f  e ヒ i m e  o f  � 1 0� 

1 . 9 6 e V - p e ak i n  1 w ヒ ス M n - d o p e d s a m p l e  i s  r e d u c e d と
ヒ o a p p r o x i m a ヒ e l y o n e  t e n ヒ h o f ヒ h a ヒ i n d i l u t e  s a m p l e . � 

w 
� 1 02 

工 ヒ s e e m s  t h a t  an e f f i c i e n t  e n e r g y  ヒ r an s f e r  o c c u r s  
f r o m ヒh e h o  s ヒ l a t t i c  e ヒ o ヒ h e l u m i n e s c en ヒ m a n g an e s e
c e n t e r , j u s ヒ l i k e ヒ h e c a s e o f  Z n S : Mn / 5 / . I n ヒ h i s
c o n n e c t i o n ,  e x i s ヒ e n e e  o f  t h e  p u r p l e  ( 3  e V ) 
em i s s i o n s h o u l d  b e  n o t i c e d . W h a t  i s ヒ h e o r i g i n o f  
ヒ h e p u r p l e  l i n e ? A s  s t a t e d  a b o v e , t h e  1 w t 7. M n ­
d o p e d s a m p l e  s h o w s  a n  a p p a r e  n 七 a b s o r  p ヒ i o n  e d g e  
a r o u n d  3 e V , w h i c h i s  c a u s e d  b y  a n  a d d i t i o n a l  
a b s  o r  p ヒ i o n  b a n d  b e l o  w ヒ h e e d g e  o f  t h e  h o s t 
c r y s t a l . W e  s u s p e c ヒ ヒ h i s a b s o r p ヒ i o n  i s  r e s p o n s i b l e  
f o  r ヒ h e p u r p l e  e m i s s i o n ・
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F i g . 5  T ime - r e s o lved  PL s p e c t r a  i n  
1 w t7. M n - d o p e d  CuA l S 2 ・

O u r  e x p e r i m e n ヒ a 1 f i n d i n g ヒ h a ヒ d o_p i n  g o f Mn r e d u c e s  t h e  b e 1 o w  - g a p a b  s o r  p ヒ i o n m a y b e  
a c c o u n t e d  f o r  b y  a c h a n g e o f ヒ h e v a l � nc y o f  t h e  i m p u r i ヒ y F e  f r o m  3 +  t o  2+ . B y  o u r  
i n f r a r e d PL s t u d i e s w e  h a v e  e l u c i <l a ヒ e d ヒ h a t t h e  F e  i n  a v e ry l o w  c o nc e n ヒ r a ヒ i o n  i s  

3+ ヒ 工 i v a l e n ヒ ／ 6 / and o c c u p i e s ヒ h e C u - s i t e / 7 / . Fe a ヒ C u - s i t e  w o u l d  be r e d u c e d. to F e  
2 +  h e n  M n  i o n o c c u p i e  s ヒ h e G a  s i t e . C h ang e o f  F e 司 v a l e n c y m a y  a c c o u n ヒ f o r  t h e  d r a m a t i c  

r e d u  c ヒ i o n  o f  b e l o w - g a p  a b s o r p 七 i o n . F o  r マ h i g h e r  M n  c o n c e n t r a t i o n , h o w e v e r  p ヒh_e d o p a n t  
i o ロ w o u l d  s u b s ヒ i t u ヒ e b o t h C u  and A l  s i ヒ e s . Th e e x ヒ 工 a a b s o r p ヒ i o n b a nd a nd t h e  p u r p l e  

2+ e叫 S s i o n  m a y  b e  a s s o c i a t e d  w i ヒ h [ M n ] Cu ( i . e . th e M u  o c c u p y i n g th e C u - s,i t e )  o r  t h e  
d o n o r - a c c e p ヒ o r p a i r  c o n s i s t i n g  o f  [ Mnl c u a n d  [ Mn ] A l ・
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( 2 )  CuA1Se2 : Hn 

Mn i o n s  s h o w  m o r e  c om p l i c a t e d  b eh av i o r s  i n  C uA 1 S e 2 
c ry s t a l s . F i g u r e  6 i l l u s t r a t e s  P L  s p e c t r a  o f  
u n d o p e d （ 者 0 ) , 0 . 0 5 w t 7o M n - d o p e d （ 長 1 a n d  # 2 ) a n d  
S w t io M n - d o p e d ( # 3 ) C u A 1 S e 2 s i n g l e  c r y s t a l s  
m e ? s u r e d  a t  l o w  t e m p e r a t u r e s  w i th t h e  4 8 8  l i n e  o f  
A r '  i on l as e r .  Even t h e  und o p ed c rys t a l  sh ows a 
r e d  p h  o ヒ o l u m i n e s c e n c e b a n d  w i ヒ h a p e ak a r o  u ロ d
1 . 5  e V . Th e r e  i s  a s t r iking s i m i l a r i ty i n  t h e  PL 
l i n e  s h a p e s  b e t w e e n  u n d o p e d  a n d  S w t io M n - d o p e d  
c rys t a l s . S l i gh t ly Mロー d o p e d  s am p l e  emi t s  a r ed PL 
w i ヒh a p e ak a r o und 1 . 8  eV a ヒ l o w t emp e r a t u r e s , as  
s h o w n  b y  c u r v e s  # 1  a n d  # 2 i n  F i g . 6 .  W e  
t eロ ヒ a t i v e l y  a s s i g n  t h e  PL b and 七 o Mn』 ＇ . S p ec t r a  
a r e  c o mp l e ヒ e l y  d i f f e r ent when exc i t e d  b y  d i f f e r e n ヒ
exc i ヒ a t i o n wave l eng th . 

Ab s o r p t i on s p e c t r a  m e a s u r e d  a ヒ 2 0 K a r e  s h own i ロ
F i g . 7 f o r  t w o  s a m p l e s w i t h d i f f e r e n t  M n ­
c o nc ent r a ヒ i o n ; 0 . 0 5 w ヒ7. and S w ti. .  No s t r u c t u r e s  
a r e  f ound i n  th e s p e c t ru m  o f  th e 0 . 0 5 w七九 日ロー d o p e d
s a m p l e ,  w h i l e  s e v e r a l  s t r u c t u r e s  w i t h a 
d i s t i nc t i v e  p o l a r i z a t i o n  d ep e nd enc e w e r e  o b s erved 
in the  S w ti. Mn- d o p ed c rys ヒ a 1 .  The ove r a l l f e  a ヒ u r e
o f  t h e s p e c t r u m  i n  t h e  S w t i. s a m p l e  i s 内q u i ヒ e
s im i l a r ヒ o th e ab s o r p t i o n  s p e c t ru m  o f  t h e  C r 』J i o n  
d o p ed i n  ZnS / 8 / , a l tho ugh t h e  i nf o rma t i o n  o f  t h e  
l o we s t  b a n d  i s  m i s s i ng d u e  ヒ o th e l i m i ヒ 七 e d energy 
r e g i o n  o f  t h e  p r e s e n t  m e a s u r e m e n t . S i n c e  t h e  

2 +  e l 安 C t r o n i c  c o n f i g u r a t i o n  o f  Cr i s  the  s am e  as  
Mn-' ' w e  m ay c o n c l u Q e ヒhat h e av i l y d o p ed Mn i o ns i n  
C uA 1 S e 2 b e c o m e  Mn-' ' s u b s t i t u t i ng the A l - s i t e  i n  
c o n t r a s t w i th t h e  c a s e  o f  Mn i n  CuA l s 2 

1. 0 

w u z w u (/) w 
三0.5芝コ」。ト I I 
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ELECTROREFLECTAN C E  AND PHOTO L U MIN ESCENC E  IN C uAlz Ga1-zS2

1 .  INTRO D U CTIO N

S .  S l i i rnka.La, K .  S a. iki  a.n<l S.  Isomura. 
Fac u l ty of E1 1gi ncci: i 1 1g ,  Eliime U uivcrsi Ly, 

Ma.Ls uyama., l!.;h i ll l e  790 , J apa.n

Elec trore flecta.r 

have been s tud ie <l on C uAlxGa1-xS2 (0 �  x 三 0 . 3 ) alloys

grown by iodine- transpor t method . Their crys tal

quali ty has been examine<l by the broadening in  ER 

spect ra  in  connec tion wi t h  PL properties . 

The CuAlx Ga1-zS2 alloy is a promising material for the application of l ight-ern..it ting devices 

ope川ing in the green-blue region / 1/ . Recently, heteroepitaxial growth of this alloy has been

investigated for s uch op tical device app l i ca tions /2/. However, only a few basic proper ties of this 

bulk alloys have been s t udied Gy i山町－sh ift di fference (PSD) /3ム photolun

cat hoく l山iinesce1悶 （CL) /4/ , aGso叩 Liou an<l 川lec tance /5 / n t l

O n t he o L l町 ha1叫 i t is  well  known L h at a.n elec tro凶lectance ( ER) method is a powe山i tool 

for the  charac t erization or' crys tal qual i ty as well as for the determination of the cri tical point

energy /G,7 / .  No ER s tudy has been 阿川·te<l for C uAlx Ga1-xS2 alloys except for CuG aS2 /8,9 / 

and C uAlS2 /8/ .  

I i i  t h i s w o r k ,  both E il  an<l PL me as ur e me n ts h ave Geen <lone .on the CuAlxGa1_xS2 ( 0 三 広 三 0 . 3 )

al l oys gro w n  oy t he io<li ne- t rauspor l rn e U i od i山· t he p u rpose o f  ch arac teri z ing crys tal qual i t ies .

Tr ansi t ion ene rgies an<l broadness of the Ell spec tra are examined.  Ell resul ts are discussed in

terms of PL spec tra.

2. EXP ERI M ENTA L

rl、he C uA1x G a1 -x S2 alloys were g row n by t he i od i ne- t ranspor t method. S toichiome tric amount

of  cons ti t uent  elerne山 were t r a.ns por t e<l w i t h  ioc ie of 1 8 叫／cm3 . 'I、he sou rce at g 

ternpe r at r u cs are 900 aml 700°C ,  respec ti ve ly. 

For Ell me as u re ments ,  an elec t rol y te 巴 H. 1 1 1e l h o<l was use<l with O . l N  N lI 4 Cl aqueous solu tio1 l 
叫 room te n e川 u比 The ER rneas u 川川 ts were per for ed on t he ( 1 1 2) face of as g

crys tals . I n  or<ler to compare the Ell spe c t ra w i t l t  P L  ones , heat treatment in su lphur atmos phe re 

was not <lone t h o u g h  crys t als were h i gh ly  rcsi s t i  vc . The me泊 u rement sys tem au<l co11<l i l io1 1  are

t he sa 1 1 1c as those i n  our pre v i o u s  repor t ／リ／

PL was exci le<l by 457 .� nm l i 1 1 c  of a.1 1 八 r- i υ 1 1 l aser . T h e  emissions were  dispersed Gy t he s a.rne

l l lO l locl t romator as t he E ll  rnc<t.s 1 1 rc 1 1 1c 1 1 ts 引 i d ιl e LcdcJ Ly Il amama tsu ll- G 3G photomulti pl i e r .  PL 
meas u remen ts were carrie<l ou t  a t  bo th  roo u 1  Lcrnpe rat u re and liqui<l N2 temperature .
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3. RES U LTS A N D  DISC U SSION 

Figure 1 shows the polariz e<l ER spec tra for CuAl.x Ga1-xS2 crys tals.  Solid aucl clashed curves 

show the ER spe c t r a  taken under the ligh t wi th E polar 

the c-axis , res pee ti vely. L abels “A" an<l "B ,C" show the E0 and E0 ＋ ムCF tr ansi tions , respect i vely. 

Transition energies ancl broaden i n g p九rarne tcrs h ave bee n obtained- by the three-poi川 I即 tho<l /G/. 

The broadness of ER spec tr a  i s  cl川ac terize<l by the broadening pa印刷er (r) .  Expe rimc山tl ly

o b t ai ned ER spec t r a  are a[ec te<l by broa<le 1 1 i ug Jue to ·crys tal imperfec t ions o ther than the iu­

trinsic life- t ime broadening e ffec t . 'l、here forc , the magu i tucle of r can be sometimes consicle re<l to 

be a measure of the qual i ty of the crystal under consideration. I t  c an be seen in  Fig . 1 that the  

ER peaks are  s harp in t he r an ge of x up to 0 . 1 3 .  

Fur ther increase in x c auses r api<l broa<le1 1 i 1 1g  of Ell 

pe aks . This res ult  shows tha t the crys tal quali ty <le­

�rades wi th increasing x. Fi gure  2 shows the l' val ue 

of the A- transi tion plot ted as a func t ion of i·. The 

data points are r ather scatte ring. But ,  we can c lassify 

them into two groups ,  ( i )  smal l r val ue ( 1 8-30 rneV) 

in<licatecl by t he solid curve ,  an<l ( ii ) l arge l、 value

(40一70 n附 V) i ndica 

spec t r a  showll in  Fig. 1 are those taken w i th  samples 

shown by the solid c ur ve in Fig.  2. In C u G a.S2 , i t has 

been show n t hat  the transitions with small I' value 

( near 2G mc V ,  kT val ue at 300 K )  arc <l ue tυ cxci­

ton transi t ions , while thos e 、vi th l arge ones ( typ i cal ly 

l arger than 40 me V )  are cl ue io ban<l- tφban<l transi­

tions /9/ .  Based on tl山 resl山 ， i t is COil幻くlered th叫

J l (l. [ 

a.re cl ue to the exci ton t r ansi tion , an<l broa<l 01 1cs 、vi t i  l 

l a喝e l' val ue ( 110-70 meV) are 山e lo bau<l- lo- ban 

transi tions . 

In or<ler to correlate the E lt resu l ts  wi th  PL ,  PL 
spec t ra at  77  K have Leen  meas u red for t h e  two types 

o［ 句叫als havi 1 1g the sa問 al l oy cornpos i t i ou ; (a.) 
ys taJs with s n 凶 l ER I、 va.lt a川 （ G) c rys tal s  w i th  

large 011c .  Fig u res 3 an<l 4 show EH. an<l PL s pec­

t ra  taken for C uAio. 13 G el{).87S2 , respec t ively. ' l l  car l 
しe 'seen that the crys tal exh i bi t ing s·harp ιll spec 目
trum (s川11 r vai t  of 23 meV ) s l ow s t ro1 1g exci to1 l 

emi ssion at 2 . GO e V,  w h i l e  the PL  s r児c t ru m of the 

crystal exh ib i  t i 時 broad Ell ( l arge l '  of GJ l l le V)  is  

<lo1 1 1i u alcd by the broa<l re<l PL bamr ii. t ·.i . 9  eV .  

H.00 1 1 1  t.c rn pc r a. t u re PL spect ra. i n  t l i c  1 1 ca.r- l >a. 1 1 d gap 
reg io n h ave been exarni11e<l , an<l t l t c  spec tra a.re shown 
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in Fig.  5. As composi tion x increases , the fol low-
i時 間1山s ha.ve been o b t ai ned : ( i )  i nc rease in t he 

full- w i d t h  at h alf- maximum ( F W II M )  value of P L  

peaks as show n  in  Fig . G ( a) ,  (i i) re山ukaole · tailing 
of lowそ nergy side of PL peak ,  ( i i i )  iucre ase in the  

energy shift of the P L  peak from t he energy of the  

A- trans i tion <le ter m..ine<l by EH. meas u rement as can 

Le seen i n  F i g. G ( b) .  Tl附e 附山；s indicate Uta 

near- ban<l edge P L  at room temperature is affec teにl 
by defec t leve ls  a.s x inc reases , cor res po1 1d i 1 1 g  Lo the 

increase in int ensi ty of t he broad re<l PL Laud around 

1 . 8  e V at 77 K.  Previously reported CL res u l t.s h ave 

shown the increase in t h e  red band wi t h  i ncreasin g  x 
/4/. These PL res u l ts i ndicate t h at the  crystal qual­

i ty degrades w i t h  increasing the Al compos i t ion x, 
au<l t h e  res ul ts are consis t e n t  w i t h  the  ma.g u i t ude of 

the broa<len i 1 1g parame ter  in Elt spectra ment ioned 

above .  

T h e  c rys t als  w i th x > 0 . 3  ex h i bi t no E l l  spec tra., a.n<l thei r  PL spec tra at  77 K are dominated 

by red emiss ion band.  Even in the r ange of z く 0 . 3 , some crys tals w i t h  poor PL pl：υper tics JiJ 

not show any d e t.ec t aole ER s ign als . T hcref  orc, we oclicve that  no Ell s ignal is mai nly due to t h e  

poor qual i ty of the  c rys tals w i t h  x > 0 �3 .  
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F ig . 5 . N ear-oand edge PL at room 
tcrn pcraturc in C u A l x G a1 -x S 2 ・

1l . SU M M AH.Y 

�� ll a. 1 1d PL mcas u rc mc n ls h ave been done  fo r C u Alx G a1 _x S2 wi l h  the co 1 1 1posi L io1 1  range 
Os x ::; o . 3 .  UascJ on the h roa正Jc1 1 i 1 1g parame ter i 1 1  the Elt spec t ra, c rys tal quali ty l i t凶 l >CC l l
exami ncd . もVe showed t h at t he mu t u al COl l lpa.riso n of Ell an<l PL spec tra i n  t h is C uAlzGa.1 _xS2 
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alloy is useful for t he charac terizalion of c rys ta l qual­

ity. The results show that increase i n Al composi­

tion c auses t he remarkable <legra<l ation of the crys tal 
quali ty of the iodine-transpor ted cryst als .  
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Fig. 6 .  ( a) FWIIM of ne a山and edge P L ,  
and (b )  energy s hift of PL p eak 
from A- transi tion , plot ted as a 
func tion of x. 
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Pll 0'1、O L U IvlJ N  I SSCEN じE I N  Y IトDOP 8D 1-l l l-V1 2 COMPO U N υs

l .  INTllO υ U CTlO N  

S .  S h i r a.ka.La., iく . J s l i i i  and S .  lsomu ra 

Fac u lt y  of  E11gi 1 1 ce r i 1 1g ,  Ehime U nive rsi ty, 

M a. l.s uyama., l 1� l t i 1 1 1e 790 , J a』J.all

N e叶 i n fr礼red p l io t.ol 1 1 1 1 1 i n似：ence ( P L )  has oce1 1  

meas ured i n  C u G aS2 , C u G a.Se2 ， 八gG a.S2 an d

A gG aSe2 crys t als  <loped wi th  Y b .  Sharp PL 
l ines are disc usse<l i n  terms o f  t h e  t ransi tions 

be tween t h e  s p i n-or bi t  l evels of Y b3+ . 

Recently, much at ten tion has bee n pai<l to t. l t e  rare-earth  relate<l l ur ni nesceuce i n  semicond uc噌

tor .  llare目白川 t h i mp u r i t ies s uc h  as Er, Yb and N <l show sharp luminescence l ines in  Hear- infr ared

region / 1-11/ .  'l、 l吋 are ex1児ec ιi a.s u e w  l m n csce1悶 ce川e凶 for the applicat ion of l aser <lio<les

an<l L E D  01川ati 時 i n near-i nfrared region /5 ,G/ . H is s t riki時 u川 t he laser emission Jue to Er3+

has been re al i zed in the Er-dopc<l l 凶 a.AsP D 11 l aser /7 / .

H owever , few h as  been repor ted for the e mission <lu e  t o  4 f  rare-ear t h  ion i n  t he chalcopyri te 

crys tal , although Er and Yb i mp u ri t ies h ave been s t udied for ternary au<l quatema’ry cha.le（ト

gen id es ; Cc t 2 S4 ’ Zulu · 4 a.n d  C仙iG aS 1 / 8 ,  !J / .

T h e  p urpose of t his work i s  t o  inves tigate t h e  infrared e mission due to  t he t r i  valeu t rare­

ear t h  ion ,  Y b3へ i n the l - l l l-V l2 co l l l po u nds . I n  this  work ,  the  Y b  i mp ur i ty h as been <lopeιl j I l
ι’ uG aS2 , C uι； a.Se2 , AgGaS2 anιl J\gG; 

meas u rements have been carried out ,  a1 1 <l shar p  PL l ines observed i n  t he l µm region are <lisc usse<l 

i n  ten us of the spi n’or bi t levels of Yl}+ . 

2. EX P EIUM ENTA L  
The Y o  i l l lpu ri ty was dop引いi 1 1 r i 1 1 g  c rysta l  g 1・ ow t h . C uG aS2 was grow n  by t he io<line- transpりrt

met. hod i 1 1 a. 山只ed qu孔rt
t l ic  mcl t.s . l u  b o t h  c as e ,  Y b  m e t. a. I  cl e 1 1 1c n t  was ch arged w i t h  a.n a川り u ut of 2 mole % w it h  resp ec t

t.o G a., toge ther w i t h  o t he r  cous t u c n t  elemc 1 1 t.s .  

PL was exc i t ed oy the 5 1 1 . 5  or 118 8 . 0rnn l i nes of au Ar-ion l aser ,  w hile the samples we re 

i mme rsed in LN 2 ・ The e m iss i ons were d i s p e rsed by a moHochromator wi t h  50 cm focal-lengt h ,

a.Hd ph ase-sc ns i t i  ve l y  d e t ec ted by a Gc-vho Lod iodc cり oleJ <low 1 1  to 7 7  lく . N o  corredious for system

response were pe r fo r med .  

�3 . lL ES l J  L'l、S 八 N D DISC U SS I O N

F i g u re l shows t h e  PL spcc t ru 1 1 1  o f  A g G a.Se2 : Y L a t  7 7  K .  We ca.a see PL peaks i n  two different 
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wa.vele時lh 代gious, ( i )  near Lmnded gc regi on ，
＿
日 1 1d ( i i )  

lhc r egion a.rou nd l Jlm ・ Near J川ndgap, c 1 1 1 i ss ions 

d 山 t o a.1 1  exc i l o  ( 1 . 8 1 3  e V )  and a. sh a. l lυW i i  I I  ptト

ri ly/<le 

eV,  s h arp PL l ines are obser ve<l , wh ich a.re chara c t er­

is l ic  of Ybべloped semicond uc tりrs . The energy am.l 
the  l i ue sh ape of the PL spec t r um a. re very s i 1 1 1 i lar lo  

t hose in  Y b-do1刈 l n P / 1 ,G/ .  

Simi l ar sharp PL l ines have bceu ol府c rved for・
J\gG aS2 : Y L>  and C u G aS2 : Y b  i n  the  lp.m regiυ1 1 ex-

cep t for C u G a.Se2 :  Yb.  The d et ai led PL  s 1児d r a in Fig . l .  PL spec tru m i n  J\gG a.Se2 : Y b  at 77 K .  
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the energy region Le tween 1 . 1  a.nd 1 . 3 e V are s hown 

for t hese compounds in Fig .  2. The e nergy pos i  tio 1 1 s  of t hese l ines are s u m marized i n  Table I .  The 
PL s'ped ru m  for・ AgG a.S2 : Y L is  domi n ated by s t rong l i ne a.t 1 . 249 eV. lu i ls lower・ energy side ;  as 

many a.s fi fteen weak l i nes spre ad dow n t.o .l . J  l e V .  Ou the o ther ha1叫

T =77K 
6 

（ω
モコ ．D
L巾）
〉ヒωZ凶トz－
一j0... 

AgGaS2 :Yb 
、同『回，ー』司副園

2 

\ I 

1 .2 1 .3  
PHOTON ENERGY (eV) 

l�i g . 2 .  N ear-i n fr ared P L 可児ct. r a i 1 1 Y b・doped
J\ gG a.S2 , C u G aS2 and A gG aSe2 ・
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J . 2.) cV) w hich a.re c lose l y sp;).ccd have Lec1 1  fo u n d  i J J

AgG a.Se2 awl （〕 1 1 C: aS2 ・ Fi・orn e ne rg i es a.n d  sh ar pness

りf the P L  J i n es ,  they are cous i dc rcd t.o be d 1 1 c  Lo t. J 1 e

i 川 1 si L i ons be tween t h e  sp i n 山 i t l e ve l s  ( 2F t斗i' f ） りf

Y I}+ ( 1a1 3 ) .  
Figur・e �� shows the energy l e ve l scheme of Y I} +

(11 fl 3 ) .  J
tiりH s pl i ts the 川il ti plct

2
F i n to 

2
F t (exc i ted s t.山？）

and 2 F f (gro 1 1 1 1<l s t川e ) . Jn the c i t λ.lcopy r i  t。 l 九t t i c

t he exci ted s t ate spl i ts i 
i、1 ） ’ anιl t ] 1e gro 川ιi s t.ate i 1 1 to four l ぞ�Ve

i、 l l《l i、6 ) <l ue to the  crys t al Iic l<l a.t t] 1 c  Y IJH si te. ’l'he

日j 州 t. i n g of t. h < ! l、8 I 州！ I （メ j l l C  l > l c 1 山 ） j I I  f ，け l 、り 川 d l 、 7 l evelぉ （ch 山：opyr i te) i s  d ue to red uction of
t. 1 1e ぉ i te 只y 1 1 1 1 1 1d ry i 1 1  the p 1・C肘 1 1 ce of t .c t. raι0 1 1 al d is tりr l. i υ 1 1 of  ch a. I （：υpy r i te J a.t t ic c .

J n  Yb <lo

Analogo usly’ i n  I -Ga-Vb crys t’al s , Y I}+ is cons idered i， υ s u bs ti i u t� the G a  s i te . ’1、he Yo a.torn is 
te trahedral l y  coord i n a.t.c<l l>y fo ur J i ga.u<ls , S o r Sc i n  t h is case , an d t he te trahedron i s  compressed 
due to the  te tragon al ιl is to凶on ( c/ a� '2) . Therefore , Yb3+ s uffers the C正川pressi ve axi al crys tal

field . The d i fferences iu  the tetra.巴りll a.J （ーl is tor t ion a.ud the ligands may affec t the crys tal field. S uc h

crystal field is  cousi<lcre<l t o  Ge reflcc tc<l i n  f i ue s Lruct urcs iu  PL  spec tra. 
The large di fference i u  t.he PL s pectra between AgG aS2 :YL and C u G a.S2 : Yb ma.y reflec t the

<liffe reuce i n  the tetra.gou al crys t al ficl<l .  Bot h crys t als h ave the same sulphur l igau<l ,  but  the 
te t ra.gc.川l d is tor t. i on of A gG ＜仇 （ c ／礼＝ 1. 78!)) is m u ch larger th au th at of C uGaS2 ( c/ a= .l. 911 8) .

The AgG 必e2 c rys ta l has also l arge tetra民01 1 a.J d i s tor t.iou (c/a= l . 793) . B 川 t he PL  lines locate i n  
m u c h  uarro wer euergy region than t h <i.t i n  AgG aS2 :Yb.  T h e  reason may be the d i fference o f  t l 1 e

I n  chaJcopy r i t.e I at. I. ice ,  t he re is  a possi bi l i t.y t h at the  Yb i on su  bs t i  t. 1 1  t.cs I. he

店 店
Wt'l'llllll/ll/11111111111/llllln V�も．Td D2d 

Fig. 3 .  Level scheme of Yb3+ in 
chalcopyri te lattice.

rs· or 巧17 or f6 

入L·S

l i ga.1 1ds ; S a.1 1 d  Se. 

Tal.>le L PL line in  Y b  dりpcd J\gGaS2 , C uG a.S2 a.n<l A gG aSc2 ta.ken at 77 K .
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grり up I at.om si te , where t h e  Iり仁川I e 1 1 v i ro 1 1 1 1 1c 1 1 I . arり u 1 1 d Yo  i on is d i ffe re n t fron1 t. l tat at t he G a  

s i te .  I n  Y b  doped l r i l )  a1 1 d  11-V I c：り1 1 1 1 > 0 1 1 1 1 < 1 へ t. l t e い 1 1 1 i ss i o1 1 s d ue to Y b3+-de fcc t compl ex h ave Lcc 1 1  

叫川i吋 ／ u -- 1 3／ . ’l'l 1 erefore , 1 1 1 ucl 1 ℃are s h o u l d  l 川 take n o n  t h e  附

l i nes . l u  AgGa.S2 : Y b  w h ich s ho、vs a. l arge n urn lJer り［ PL l i nes,  several ce nters s uch as Y b  at. A g  

site  a. u d  Y L-dcfec t. compl ex shou l d  be take n i n t.υ a.cco 1 1 1 1  t. . 

11. S U M M A RY 

P ho tol u mi n escence rel ated t.o Y b  i 1 1 tp u ri t.y has Geen siu<l ie<l for CuG a.S2 , C u GaSe2 , A gG a.S2 

and A g G a.Sc2 ・ S h arp P L  l i nes have lwe n り わ何 r vc<l i n  the l µ m  wa.vclc 1 1gih  region . They arc 

considere d  to be  t he transi t. io 1 1 s  be t-ween L l i c  spin-orb i t l e vels of Yl}+ . 'l'he <l i ffe reuce in the 

fi n e  s t ru c t u re i n  the PL spectra. a. 1 Ho i 1 g  t l 1 esc （：りl J l [>OU J ldS J l1託子 reflect  t he c rys tal field arouu<l Y b  

i m p u  r i  iy. 
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EPR STUDIES OF ELECTRON-IRRADIATED C dln2S4 SINGLE CRYSTALS 

＊ ＊  T. TAKIZA羽rA, E. CHRISTOFFEL, A. GOLτ"ZENE, and C. SCHWAB ' 

Department of Physics, College of Humanities and Sciences, Nihon Uniνersity , 
3・25-40 Sakurajosui, Setagのほ－ku, Toわ＇0 156.
本Groupe "Recherches Physiques et Materiaux” ， Cenme 1tle&ohendh:eis Nucleaires, 
IN2P3・CNRS, Universite Louis Pasteur, BP20, 67037／�世間必σ伽g c�成 主rance.

T0 Jin哲氏e:&ti_ga.te �defect levels in the single crystal of Cdln2S 4 ,  EPR 

·e文'.ll>e·ri.meNをS lhrawe lbreJll _nru自動rmed on both as- grown and electron­

iirracliated samji>lle.s ®叩T批 4.2-TI.OO K 側勝rature range with and without

illm福岡ti.zon. 1llf ttilile ®ad-}gO.� llii�loct. T、WG> B:1'J};主 将nals are observed in as

grown s amples�  and itw;G> ll11:ew @nes 'emerge 01貰 afiter 1the irradiation*

§ 1. In t roductfon 

The electron p砲事盟国girn.ettic resonance (EPR) is a well · known method especially u seful to 

i nvestigate the prop色凶；es of magnetic .centers in crystal s" ,e_g .. , F-centers ,  elec 住ons trapped in 

imperfections or impurities, intentionaUy doped par組1agim.etic ions and even carriers . In Cdln2S4 as is 

common to other ternary compound 旬凶ronducitors� many structural defects 訂c known to exist to give 

S廿ong influence on their electric properties. Nonna11y,  such defects give no EPR signal when the

sample is highly compensated as in Odln2S4, but the excitation by light or other external stimulation will

often produce EPR signals useful for the study of the mechanisms of defects . 

The purpose of the present paper is to study the defect levels in both as-grown and elec甘on

irradiated single crystals of Cdln2S4 by the EPR method under illumination of light and discuss  the 

origins of these defects.  

§ 2.  Experimental p rocedure

S in gle crystal s  of Cdln2S4 were grown 仕om stoichiometric compositions of each element by the 

normal freezing method. In the growing process ,  a 0.25 % excess sulfur was added to make crystals 

highly resistive (5 x 1 Q6 n .cm in the dark at room temperature).  S amples were cut into blocks of about 

2X 1 X7 mm3， 出e long edge being oriented along the [ 1 1  OJ direction. 

EPR experiments were performed using the X- band Arpeggio system equipped with a TE 102 cavity 

under the rriicrowav e  power from 0.0 1 to 1 00 mW, and the field modulation of 1 00 kHz with an 

amplitude between 1 .25 and 25 G under a sweep-rate between 1 and 20 G/s . An Oxford helium-gas­

flow-type cryostat was used for the temperature variation. 

Illu mination was made with monochromatic light using a 250 羽f halogen lamp. S amples were 

irradiated with 1 .  8 Me V electrons of a 、beam cuηent of 8 µ A/c m2 at room temperature . EPR
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measurements were C紅ried out for Sむnples irradiated at doses of 0. 1 ,  0.5, 2.0 釦d 7.5 x 1QI7 cm-2. 

using the least squ紅巳 fitting method, the line shape of 
S 1 was s hown to be gaussian and that of S 2  
lorentzian. Both sin.glets were completely saturated 
after five minutes of illumination under the condition 
above, and ,began to similarly decrease with、 time after 
the light off as shown . in Fig.2;  the lifetime is 
estimated as two hours .for both singlet�. 

The S l 釦d S2 s ignals 紅·e quenchable by light of 
an energy below the band gap. Figure 3 shows �e 
rate of quenching for both singlets as � functiop.. of the 
wav:elength. The rate is the h!ghes� at the wavelength 
of about lµm, and .is .higher for S 1 than for S2 in the 

loQ.ger wavelength side. At the wavelength . near the 
· band edge, it was observep that :the EPR signal first 
. �－n��，eas.ed. with: time 'l�d then ,_ . decre�sed again, 
indicating that .both excitat;io� and que;nchir�g occured 

，�imultan(fpu�Jy. 

1 500 2000 figure 4 .show:s µte temper何ure ,yari(lt�on� o.f.. S 1 
Wave 1 ength , ( ')m )  . .  , ; an� .S �  recofd�d u�qer .illurnin.at�on �ith 5 30�Il! .light 

Fi g. 3 The rate of 、quenching· fot each EPR in. .�he te�perature range from 4  .. to, 100 K. The J;:PR 

signal vs. the wavelength. intensity of S 1 times temperature remains constant up 

§ 3. Results and Discussion 

3-1 . EPR signalsfor ds-grtlwn ·samples 
Before illumination, two EPR signals 

(one at g=4.3 and the other at g=2.03) were 
observed in the · dark a旨 · shown in" Fig. l (a) . 
百1e former is co:r:isidered to aris� from an Fe 
contamination, and the latter narrow line is  
due to u nknown impuritie s .  In  the 
following, we neglect these and focus our 
atten tion to s ignal 's affected only b y. 
illumination and/or electron irradiation. 

During illumination with the band-gap 
light （入 ：：：：： 530nm), two strong symme凶c and 

isotropic singlets emerged out at g=2.02 (S 1) 
and g=l .66 (S2) as shown in Fig. l (b). B y  
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Fig. 2 Relaxation of EPR s ignals after l i ght 

off. 
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Fig. 1 EPR signals of an as-grown Cdln 2S4 (a) in 也e
ぬrk and (b) under illumination of the 530nm 
light. 
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to about 20 K showing that it ’obeys the Curie’s iaw ; 

on‘ the contrary, S2 deviatε；S 合om the Curie’s law over

In contrast to the line the whole temperature range. 

width F\\i壬-IM for S 1 (AA 1 )  which is kept constant,

that for S 2  ('1.H 2 )  decreases  with increasbg 

temperature, hinting at a motional n紅rowing /1/ of S2. 

The lorentzian shape, the negative g-shift and the 
decrement of both intensity and linewidth 

叩∞

.6.H1 －唱........,... . .,. .. _ . .，二二二宮ニ＝－－一一司R善H・M・……

／ぺH2 ー→

10000 

（ののコcω） －
zzzh－

100 1000 
トー
× 
>-斗J
en cQ)4-> '
c
C乙a...l.J..』

with 

temperature strongly suggest that S2 should be 

ascribed to elec甘ons in 廿apping centers; the elec廿ons

can interact with each other and also Can · move by

hopping among the centers.  On the other hand, the 

line shape of S 1 is gaussian with positive g-shi丘 and

its intensity and t1H 1 do not change as temperature is

increased, so that the migin of S 1 is considered to be

1 0  

30 

530nm Excita tion 

10 加
1 00/T 

100 

10 

The EPR intensity and FWHM for S 1 
and S2 sig.rials vs. inverse temperature. 

Fig. 4 
holes むapped in the acceptors. 

The trapped holes 紅e rather independent each other 

and may not do hopping between centers . The unresolved hfs (hyper fine s仕ucture) splittings and/or

inhomogeneous magnetic fields at the centers may give rise to the gaussian shape of S 1 .  From the

abrupt decrease of the EPR signals above 20 K for both singlets (see Fig.4) , activation energies of the

仕apped elec仕ons and holes are estimated as 35 meV, which is comparable to the value obtained by TSC

measurements /2/. ょ 卜～～可誌とe

4 . 2K 3-2 .  EPR sなnals qβer electron irradiation

Figure 5 shows EPR spectra measured in the dark 

before and after electron (e-) irradiation of different doses. 

At the lowest dose of I x  1 Q 16 cm-2, a new singlet S3 was 

induced together with a trace of S2. B oth intensities 

increase with doses of up to about l x 1 Q l7  cm-2 . 

Cd I niS� e - irradia tion 

JZCコ
．2Lω一

一ωcm一の
巴tu

Above 

this value, S3 disappears and a new sharp singlet SF2 

(g= l . 66) emerges out  at nearly the same g-value as S2 .  

The intensity of SF2 was not  saturated up to 出e microwave 

power of 100 m羽f in con甘ast to SFl  which was saturated 

十ユ__-a
〆ζ7 ゴア‘ 

/;,. .;) I  

4 . 5  
( k G )  

EPR s ignal s  i n  the dark for d i fferent 

doses of electron irradiation} 

4 .0 3.5 
Magnet i c  f i e l d  
3 . 0  2 . 5  

Fig.  5 

even at 0.0 1 mW. 

The intensity, FY\守IM. and g-value of SF2 as a 

function of temperature are shown in · Fig. 6. 
decreases rapidly with the increase of temperature, 

「 「�） �） 

F＼＼引M
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indicating a strong motional narrowing below 20 K. 

By the e- irradiation, S vacancies (Vs ) are 

expected to be introduced in Cdin2S4, which is also 

e - irradiation 7 .  5x 1 0 げ／cm2

10 
5 

（臼）
玄工ZL

smell of sulfur j ust  after the 

The initial compensation between 

carriers may be des位oyed by these extra vacancies.  

Electrons released from these 紅e captured again by the 

electron trapping centers, and thus S2  appe紅s even in 

the dark. As the dose of irradiation increases, the 

suggested by the 

irradiation. 

number of Vs also increases, and finally, electrons in 

Vs may move freely in some region in a crystal /3/, 

giving rise to the EPR line of SF2. A deficiency of 

sulfur can be realized by growing a sample without an 

As s hown in the top of Fig.5,  such a 

sample gives a signal similar to SF2, suppoれing the 
Fig. 6 The EPR intensity, FWHM and g-value of 

above presumption. SF2 singlet vs. inverse ternperatu;e. 

At temperatures above 40 K, the intensity of SF2 again increased with temperature as shown in 

Fig. 6. S ince the number of conduction electrons obeys the so-called exponential law, the Curie’s or 

Pauli’s law will no more hold above a certain temperature. Since the EPR signal is proportional to the 

number of the paramagnetic electrons ,  its intensity changes according to 出e exponential law. By 

fitting the exponential law to the observed spectra, the activation energy is estimated as about 40 me V in 

good agreement with the value 企om Fig. 4. Above about 100 K, samples 訂e too conductive for EPR to 

be detected. 

EM

 

(l.) コ
雲 1 .662
0) 

30 加
1 00/T 

10 excess  sulfur. 

Illumination by 530 nm light again raises the intensity of S 1 ,  S2 and S3,  which 紅e independent of

the fluence value as shown in Fig.  1. A new singlet S3 appears only in the spectra of elec甘on­

irradiated samples both in the dark and after illumination. S 3 has the gaussian shape and obeys the 

The g-value of S3 is exactly the same as that of donors in CdS . The origin of S3  

be ascribed to donors in  CdS-like regions created by the e- irradiation. 

may Curie’s law. 

Among those, the 

S 3 is due to the defects 

SF2 is due 

Conclusion 

Several types of defect levels in Cdln2S4 are revealed by the EPR method. 

lines named as S 1 and S2 紅e intrinsic ones related to the trapping centers . 

generated only by the e- irradiation, presumably arising 企om donors in CdS-like regions .  

to conduction electrons released from the sulfur vacancies introduced by the e- irradiation. 

§ 4 . 
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OPT 工 CAL P ROPERT 王 E S OF LAYE RED S EM工CONDUCTOR
C d 工 nGa S 4 AND RELATED P HENOMENA 

T a i z o 工 r i e , S aburo Endo and . H i s ayuki Nakan i s h i 
Departmen t  o f  E l e c t r エ c a l Eng ine e r i ng , F a c u lty 
of Eng i ne e r 工ng , S c 工ence Un i ve r s ity o f  Tokyo 
1 - 3  Kagura z aka , S h i n j uku-ku , .  Tokyo 1 6 2 , Japan 

Op t i c a 工 prope r t i e s s uch a s  opt i c a l  ab s o r p t i o n , 
pho toc onduc t i v i 七Y , pho t o l umine s c ence and Raman 
s c at te r i n g  o f  the l ayered s erniconduc 七or C d 工 nGa S 4
are r e v i ewe d . Ef{ pe r irnen七a l re s u l t s  and .ana l y s e s  
o f  the g r e e n  emi s s ion i n  Cd工nGa S 4 are p r e s e n t e d .

The qua tern ary compo und C d 工 nGaS 4 s hows an .i n 七 �n s e r e d  photo lurnine s ­
c e nce even a t  room temp e r a ture / 1 /  and pho toc ondu c 七 ive i n  the v i s ib l e  
reg ion o f  t h e  s p e c t r um . Fur thermo r e , i t  has a l ay e r  s truc ture w i th 
e a s y  c l e a.vage a l ong the layer s .  The r e fore ; thi s c ompo und i s  con.sider­
ed to be a prom i s ing ma te r i a l  for many optoe l e c t r o n i c  devic e s . 工 n th i s  
paper , the o p 七 i c a l prope r t i e s  o f  Cd工nGa S 4 r e po r t e d  b y  s eve r a l  author s 
are r�v i ewe d . 

工 n the c o ur s e  .o f  o ur inve s t i g a 七 ion about C d 工 nGaS 4 , we have found 
七hat thi s ma 七e r i a l s h ows an inte n s e.  g r e e n  pho 七 o·l urn i ne s c enc e a s  . we l l  
a s ’the r e d  emi s s ion a 七 low . temperatur e s , i n  s ome p o r t ion o f  the c r y s ­
ta l s  / 2 ／ . 工 n th i s  pape r , . our inve s t i g a t i o n  abo u t  f inding . rna te r_i a l s  
wh i c h  s how t h e  s ame i n te n s e  green emi s s i on a s  o b s e rved i n  a por七土on
o f  the C d 工 nGa S 4 c ry s t a l  工 s a l s o  reviewed ． ’ 工 七 w i l l b e  s hown that s uc h
a mate r i a l  c a n  b e  o b t a i n e d  from a l ami nated s tr u c ture c ompo s e d  o f  
CdS . and , Cd工nG a s 4 ・

工 七 i s  r e po r t e d  tha t C d 工 nGaS 4 h a s  . a r hombohedr a 工 s tructure wi th a. = 
0 5 1 2 . 5 3 A ， ぱ ＝ 1 7 ° 4 3 ’ and be longs 七o the s pa c·e rgrOup c 3 v  ( R3rn ） ー／ 3 / . The

l a t t i c e  s t ruc t u r e  i n  the hexagon a l  repr e s en七a七 i o n i s  r e po r 七e d to give 
。 。

a = 3 · � ff6 A ' a·na · c = 3 7 . 0 A ,  i . e .  an e longated · s truc 七ure .a long 七he d i re c t i on 
o f  と ー ax i s � ／ 4 / . We have · prepare d Cd工nGa S 4 s.ing le c r y s t a l s  by norma l
f主e e z ing and by B r i dgman me thod . a s · we l l' a s  · by ピherni c a l · vapour depo -:-
s i  t ion'- { CVD ) 'u s i hg ' : i o d i n e  a.s a 七＿＋；anspor七 a gen七 ． The l a，七 七 i c e c'Ons tants
for the c r y s t a·l s  grown by , no rma l- fre e z i ng ・ we r e · de 七ermined from X- ray 
powde r  d i f  frac t ib n  and · x- r a y· ' pho 七ogr aph by o s c i·l l a t ing · c ry s ta l  ·me thod 
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un l 七the 工na r r angeme n t  a tomi c  The / 5 / . 
0 
A c = 3 6 . 9 7 and 

。
A a = 3 . 8 5 b e  七 o

a a s s um i n g  s imu l a 七 i o nc ompu t e r  a by d e t e rm i n e d  w a s  C d 工 nGa S 4o f  c e l l  
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七he fundamen t a l  a b s o r p t i o n  e d g e  

o f  C d 工 n Ga S 4 wa s found and a n a ­

l y z ed by Toyo d a  e t  a l . / 1 5 , 1 6 / . 

The r e f r a c t ive i n de c e s  o f  

C d 工 nGa S 4 f o r 七he o rd in a ry and 

e x t r a o r d i n a ry r ay s we r e  me a s -

u r e d  by A l 工 akhve r d i e v e t  a l . / 1 7 / . 

The pho t o c o n du c t i v i ty s p e c t r a  

o f  C d 工 n Ga S 4 h a v e  b e e n  s tud i e d  by 

Tab l e  1 .  Ene r gy b and p aramet e r s  

0£ (Qd工 n Ga S 4 ・

Eg (eV) � r�恥！！伊《B弘:ar) Referenced i rect Ind irect 
3.0 8 2 .5 2  8.0 X 1 0・4 6. -4,x H r 6  � ，  9, th is work
2.5 7 7.3 X 1 0叫 1 1  
2.9 2 5.3 1 1 0-4 1 2  

2 .67  6 .7  X 1 0・4 1 3  

many autho r s  and r e v i ewed by Tar r i c o n e  et a l . / l H , 1 9 / . It  was found
8 5 t h a t  the c o nduc t i v i ty i nc r e a s e  i s  about 1 0  a n d  1 0  i n  m a g n i tude a 七

1 1 0  K a n d  3 0 0  K ,  r e s pe c t ive ly , unde r an i l l urni n a 七 i o n powe r o f  abou t  

1 mW / cm2 . Ol} r  t h e rma l que n c h i n g  e xpe r ime n t  s h owe d t h a t  t h e  l eve l o f

the s e n s i t i z i n g  c e n t e r  i s  l o c a te d  a 七 about 0 . 2 3 e V  above t h e  v a l e n c e  

band , i n  g o o d  a g r e em e n 七 w i th t h e  r e s u l t  by T ar r i c o n 色 e 七 a l . / 1 8 / . 

As h a s  b e e n  s t a 七e d a l r e a dy ,  Cd工 nGa S 4 s hows a n  i n t e n s e  r e d  pho七o l u ­

m i n e s c e n c e  e ven . at room temperature . The r e d  e m i s s i o n  s hows a b r o ad 

b and in the s pe c t r um peaking at about 2 . 0  eV o f  the pho t o n  e n e r gy . 

We found 七 h a 七 七 h e p e ak e n e r gy s h i f t s  w i th the change o f  the e xc i t a ­

t i o n  e n e r gy ,  i nd i c a t i n g  t h a t  the r e d  b r o a d  b a n d  i s  c on s i s te d  o f  s eve­

r a l  bands . Th i s  f a c t  wa s c o n f i rme d by the 七 ime - r e s o l ved s pe c tro s c opy 

p e r fo rme d by a N 2 pu l s e d  l a s e r  o r  a Coumar in 4 6 0 dye l a s e r  pump e d  by 

a N 2 pu l s e d  l a s e r / 2 0 / . The s p e c trum s howe d t h a 七 t h e r e d  band w a s  c om­

po s e d  o f  t h r e e  b an d s  p e aked a 七 2 . 0 8 eV , 1 . 9 6 e V  and 1 . 7 6 eV a 七 7 7 K .  

The t r an s i t i o n s  a r e  c o n s i d e r e d 七o be band- to- b o u n d  for a l l  thr e e  

band s . On the o th e r  h a n d , Co loc c i＇ュ e 七九 a l . / 2 1 / me a s ur e d  七 h e t ime - r e ­

s o lved s pe c tr a  o f  C d 工 nG a S 4 p r e p a r e d  by CVD a n d  i n d i c a t e d  tha七 the

工ed emi s s i o n  i s  due to a gemi n a 七 e r e c omb i n a 七 i o n o f  e - h  p a i r s . The r e d  

emi s s i on c an b e  e x c i te d  by t h e  e n e r gy lowe r 七 h a n the g a p  e ne r gy i n -

d i c a t i ng 七 h a 七 s ome t r a pp i ng c e n t e r s  a r e  c o n c e r n e d . T h e n  we have me a s ­

u r e d  the the rmo lumi n e s c e n c e . By v a r ing the he a t i n g  r a t e  o f  the gr ow 

c urve , the t r a p  d e p th wa s de t e rm i n e d  to be 0 . 0 6 5  e V . Ex i s t e n c e  o f  

s uc h  e l e c t r o n  t r a p s  i n  C d 工 nGa S 4 have be e n  po i n 七 e d o u t  b y Abddihlaevマ

e· t a l . / 2 2 / ·by v o l t ag e - c u r r e n t  c h a r a c te r i s t i c s . T h e y r e p o r te d  tha t 

the trap depth 工 S 0 . 1  ;.. 0 . 2  e V . 

The l a t t i c e  v i br a t i on a l prope r t i e s  o f  C d 工 n G a S 4 h a v e  b e e n  s tud i e d  

by t h e  me a s ur e me n t s  o f  i n f r a r e d  r e f l e c t i v i ty a n d  i n f r a r e d  a b s o r p t i o n  

by s e ve r a l  a u t ho r s  / 2 3 , 2 4 / . The Raman s c a t t e r i n g  s pe ct r a  h ave b e e n

me a s ur e d  i n  t h e  f i r s t  p l a c e  by . Abb a s·ov e t  a l . I 2 5 , 2 6  I on 七he s amp le s 

p r e p a r e d  by B r i dgman me thod a七 8 0 K and 3 0 0  K .  T h ey · ob s e rved 1 3  

Raman b a n d s  o u 七 o f 2 4  p r e d i c t e d  Raman - ac t ive mode s a s s um i n g  c 3v s ym-
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1 me 七 r y and s ug g e s 七e d t h a t  C d 工 nGaS 4 h a s  the s p a c e  group D 3 a r a th e r  than 

c 3� • Howev er ,  K a抽出 ／ 2 7 / me a sured 七he i n f r a r e d  re f le c t i v i 七y and .the 

Raman s p e c t r a  and s howed that a l l  the i n f r ar e d  mode s c o inc i d e.s a lmo s t  

exa c t l y  w i th c o r r e s po n d i n g  Raman b a nd s , i nd i c a t i n g  tha七 七he c :ry s t a 工

h a s  the s pa c e  group c 3t . Ra z z e 七七 i e t  a l . / 2 8 , 2 9 , 3 0 / me a s u r e d  the 

Raman s p e c 七 r a of t}1e Cd 工 n 2えGa 2 ( l -;:x ) S x s y s t em . We have me a s ur e d  the 

Ram a n  S e a 七七 e r i ng of �.d工nGa S 4 s in g l e  c ry s t a l  of 5 mm x 5 mm x 1 . 5 ・nun

d imen s io n s  p r e p a r e d  by norm a l fr e e z i n g  for a l l  k i nd s  o f  s c a t t e r i n·g g e ­

orne 七r i e s . Comp a r i n g  t h e  ( z z ) po l ar i z a七 io n w i th ( xx ) a n d  ( yy ) one s and 

wi 七h ( y z ) , ( z y ) , ( x z ) and ( z x ) one s , we と o u l d d i s t i ngu i s h  b e 七wee n Ai 

and E mode s a s s uming C 3 v s ymme try . 工n a 工 1 , we have o b s e rved 1 6 mod e s  

a s  s hown i n  T a b l e  2 . 工 n 七hi s 七 ab le , o b s e rv e d  

mode s by o th e r  au七ho r s in i n fr a r e d  s p e c t r a  a r e  

a l s o  l i s te d . 

工 n the c o ur s e  o f  our i nve s t ig a t i o n  abo u t  

C d 工 nG a S 4 , we h ave found tha t th i s  ma t e ri a l  

s hows a n  i n te n s e  gre·en pho t o lumine s c e nc e  a t  

low temp e r a tur e s  i n  a por t io n  o f - the c ry s t a l s  

p r e p a r e d  b y  norma l fre e z i n g  / 2 / . We c o n s i d e r e d  

tha t  th i s  g r e e n  emi s s ion wa s due 七o po l y t yp e  

s u c h  a s  C d 3 工 nG a S 6 whi c h  m i gh t · be c o n t a i n e d  i n  

.the c rys t a l  ; O f  C d 工 nG a S 4 ・ Then w e  s e a l e d  r aw 

mate r i a l s  i n t o  a n  e v a c u a t e d  quar t z  tube by the 

c on s t i tu t i o n  Cd 3 工 nGaS.6 and he.a ted · 七o a b o u t  

1 1 0 0 ° C and. s low l y  coo l e d  to room tempe r a ture . 

The o b t a i n e d  i n g o t wa s a po l y c ry s t a·l l .i n e  s ub ­

s ta n c e ,. mor e  r e dd i s h  i n  c o. lor a.nd .mo r e ·d i f. f i ­

c ロ l 七 七o c l e ave 七han C d 工 nGaS 4 ・ The compo s i t io n  

wa s a s c e r t a i n e d  by e l e c tron probe .mi c ro an a l y s i s .  

工 t wa s found , t h a t  th i s  -ma te r i a l  s nows a ve r y  

i n t e n s e  g r,e e n  emi s s i o n  in . any por 七 ion o f  t h e  

ingo t a七 、工ow t empe r a tur e s  .when ' exc i te d_· -by Ar + 

Tab l e  2 .  V土br a t i ona l

frequenc i e s ( cm- 1 ) 

o f  Cd工nGaS 4 ・

n�a勺n Mode Ire': プl Reference 
27  
�� E 

95 27, 2 3 
1 U 3 A 1  
1 3 5 1 3: 27 
1 7 4 E '16 U , 2 1  , 1 9  l - 2 02 

208 24 
. 2 1 7  2 1 � �� 223 22 
23 5 、 235 24  
24 1 244 24 ·2 5�2 A 1  2 52  n 
:3 0 3  A 1  24 

24 
2 4  3 3 1 E 3 34 23 , 24  

344 24 
348 24 , 27 

3 62 E 366 23 , 24 
386 24 

4 0 1 E 

l a s e r  4 8 8_ : nm. _l i g h t  / 3 1 / _. The .peak_. energ y , s p e c tr a l  shape and t-he . tem-

pe r a ture 、 .depe_nden c e o f  �he i n :t e n s  i t y‘ o-f th i s  g r e e n  emi s s ion a r e  s ame 

as tho s e  of the emi s s ion found i n  the ·c ry s ta l s o.f C d i nGa S 4 ・ ，The · emi s ­

s 土 o n me c h a ni.sm wa, s de te.rmi n e d  . from' the . t ime - r e s o lved s pe c t r a  and the 

. s h i·f t  o� _p e a k  . .  e n e r.gy w i 七h exc i ta t i o n  i n ten s i t y  to be donor- to - ·a c c e p ­

tor r e c omb i n a t i o n .s  I 2 0 ./ �.， . .  

Ho.weve_r ,  the g r e e n  emi ss ion of C d 3 I n Ga S 6  wa-� found t o  s how a , p e c ul ­

i a r  de p e n_d e n c e  on . e x c i t a 七 ion energy / 2 0 / . For e x c i ta t ion a t  3 . 4 0 e V . 

a_nd � .  8 5  : eV ， 一 ， on ly a ·r e. d  emi s s:i on ·wh i c h  p e a k s  a t  abou七 2 . 0 eV and v e r y  
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The s amp l e 七 r e a t e d 4 0  hou r s  wa s found to s ho w  ve r y  i n t e n s e  g r � e n  emi s ­

s io n . T h e  s h a p e  ， 七ne p e a k  e n e r g y  and the d e p e n d e n c e  o n  e x c i t a t i o n  e n ­

e r gy o f  t h i s  emi s s i o n  band a r e  s ame a s  o b s e rv e d i n  Cd 3 工 nG a S 6 ・ 工 t wa s 

found 七 h a 七 七he s amp l e  t r e a t e d  4 0  hou r s s ho w s  an i n t e n s e  l i ne a 七 2 (} = 
2 6 . 5 ° i n  t h e  X - r a y  d i f fr a c ti o n  p a 七 七 e rn i nd i c a t i n g  t h e  l am i n a t e d - s t ruc ­

ture . 

工 n c o n c l u s i o n , C d 工 nG a S 4 i s  a very i n t e r e  S 七 i n g m a t e r i a l  in s o l i d 

s t a t e  p h y s i c s  a s  we l l  a s  o p t o e l e c 七 r o n i c s and many i nve s 七 i g a t i o n s have 

b e e n  made . Howeve r , the r e  a r e  many p r o b l em s  r ema i n  to b e  s o l v e d , p a r ­

t i c u l a r l y  a b o u 七 七he c ry s t a l  s t ruc ture , t h e  b a n d  s t r u c ture a n d  t h e  l a t ­

t i c e  v i b r a 七 i o n a l p r o p e r t i e s .  The i n t e n s e  g r e e n  e m i s s i o n  fo und i n  C d 工 n

G a S 4 wa s f o und to b e  due 七o a l am i n a te s t r u c t u r e  c ompo s e d  o f  C d S  and 

C d 工 n G a S 4 ・
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," AP�Jj�CATJ[ON OF'. AgG.aSe 2  F:;I,LTE� 

TO、 EASY � S_PECTR9sc9PY ‘ ・，1· 
ず ，，. ，－ . ‘ ’ 司、 ：

N .  Yamamoto , H . . Jiorin.aka, and H ‘ Mineguc:hi .. ,
·Co lJ�ge .qf. Enginee ring , Un i  ve:r_:-s i ty or .

Os aka P+e f e F－｝コi re '· Mo�u , Sakai , Osaka 5 9 1 , JA:E>AN

An uni-que AgGaSe 2 :band e l �rnipa t _i on f i l ter i s  
q t i l i zed fpr Raµian . ' .scatもering spe�tros c opy to . 
s u_ppres_s the Ray.J,e igh . s ca t 七 e ring: . Combined with 
Al GaAs d i od e  la!?er as an ex;c .t t e r , a n ew easy 
Raman. s ca t t e r ing m�a9,ur:ement i s  a chieve d . 

、 .： . The ‘ irnpo工t an c.. e o�f Raman �catte ripg . s p e c t ro s copy i s. re qmt ly 
expanding to  many f 土e lds . , .as  cL s uper.io.r means 、 ，0.£1 : �a t e r i a l
cha主a c t e ri z a t ion·. . . A s t and9.rd alJpar苧tus , - q,� . .Ra.man �p�ct ro?.c opy 
con s i s t s� of, a high . ou七put (- typi c,a l ly 1-0 0  mW , or. , more ) �r十 ion l � se r ,  
a ’ doubl e  mon.o cbrornator .( wi th a s t raY} l. i.gµt , l e;ve l l e s s  t.Qan: '. i 9 - 1 0、 ） ，
and a s u i t able c ompu t e r i z ed l·ight . ,  det e .c;: t i on . �Yp七e,rn . ';I'his _ type 9f,
sys t em i s  we l l  operated but s t i l l  expens ive and ._9c cupy rathe r a 
wide sp a c e . There f ore I deve lopment �f 戸n . . . in号xpeq. � 主ve .anp , corn_pact
deskt op app a ratus 0f  Raman spe c t ros cppy .i s exp�c t e.p. , . e s p� � � �） �Y for 
p e r s on a l  o r  f i e ld u s e . . ／ 、

工 n this  work , a new type of e asy , J;taman•. sp� c � ro s copy . .  appa�a,tu$ . is  
c on s t ru cted · us ing a s ingle mode AlGaAs d:iod�e, l a s e r- · 1a,i;:d a .� \].n ique 
opt i c a l  band e l imina t i on f i l t e r: ( OBEf} m戸P..e : i pf A9G.�：S e 2 <GiIJY.S ta +, / 1 /_< 

An examp l e  o f  s irnu l t aneou s  mea s叫；rn_inen七＋ ο�： .p�tl }  .sキ，pke s .. ar;id
ant i - S t okes Raman s ca t t ering , . spec七時 十 Q�； 宇ti� s a�p le , .. . ccz�.:1 . a .i;e
demon s 七 ra ted .

F i rs t app roach t o  de s ig.-? � compa.c;t sy月 t ern ; i s  · to －���;7> 七 円叫€！ : a
s ingl'e rno9�β ＇ ， ，d i ode · l a s e r  . ,f oi Ar+ , l as 母 r;; ".l;�. _ a .. . 向mp._n . e}.C� i t e r .
Com.me 工c i a l ly ava i lable AlGaAs diode l a s e L --G�P 午COV�F a旬 、wid� p:i..n€fe : pf 
wave l e均七h J rom 7 8 -0 :- · nm， 七O’ 8 3 O .. nm . Among .. .. :t長qe ちe '' · a� �iβ rnm la,. s e r. 9f 
40  ·mw · · s ingle· , mode ,, . '..Q.eve1 oped f or YAG , e_xC'. �ta t � q� ， }Y�，s.句 旬、� lee七etj.. in 
this  wo rk . The l a s e 工 output was con七 ど9.1 1,Y.�d. 7� by c;u,i;:.平巳n丈 c?nt r9 ,l, l : r
wi t h  a s low st ar七 �c i r�u �七 ，： t,o_ , s七：�bi .+. J z � ， �he . �utput l � gh� ヲ int en s i ty .
B eca�se : a  _,.p rf.; c i, s.e s in.gie · m.q.�号 wave.l ♀n��h. V苧工訴事s ; • YI共 存h t�rnp�主再tu，� e
the s e -1，�c七ion ,qf s;i,ngle rnoqe. �av� ），�ng七h_ :·, cp叫d{ ：： ： �be ・iJP,a�d＇.�＇ �Y
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control l ing t emp e rature us ing P e l t i e r  e l ement and Pt  res i s tance 

wire t empe rature s ens e r . Pre c i s e  t emp e rature tun ing , without 

changing the l i gh t  output , o f  ’ s "ingl e  mode wave l ehgth be tween 8 0 5  nm

and 8 1 5  nm , c ou l d  be e a s i ly achiev·ea . The a s s emb ly of l a s e r  d i od e  

Raman exc i te r , thus  c on s t ru c t ed , i s  l e s s  expens ive a n d  o c cupy much 

less  spac e  t han a usual  Ar+ l a s e r  excit e r . 

The s e c ond approach t o  sma l l  and easy Raman spe c t ros c opy sys t em 

i s  t o  rep l a c e  a double monochroma tor by a s imp l e  s ingle 

monochroma t o r . I n  orde r t o  rea l i z e  t h i s , howeve r ,  an e f f e c t ive OBEF 

t o  s upp re s s  t h e  Rayl e igh · s cattering l ight shou l d  be n e c e s s a ry t o  

m i n imi z e  the s t ray l i ght leve l . A s  s u ch OBEF , up t o  now , t he i odine 

f i l t e r  / 2 / , t he c rys t a l l ine col loidal f i lt e r  / 3 /  and the J- f i l t e r

/ 4 /  we re s u gg es t ed and ut i l i z ed . A s  a n  a l t e rnat i ve , a un i qu e  

AgGa Se 2 c rys t a l  OBEF , wh ich is  cons t ru cted b y  two para l l e l ly 

a rranged G l an- Thomps on prism polari z ers and a s ingle c rys t a l  p la t e , 

o f  ( 1 0 0 ) AgGaS e 2  o f  0 . 7 6 3  mm in 七hi ckn e s s , was recen t l y  deve l oped

by the Aut hors / 1 / . AgGaS e 2  crys t a l  OBE F , wh i c h  was f i rs t sugge s t ed 

a s  an opt i.c a l  band pas s f i l ter ( OBPF ) / 5 , 6 / ,  c an a c t , he re , a s  OBEF 

by only j u s t  c-hang ing f 工om the c ros s ed Nicols  mode t o  t he para l l e l  

N i co l s  mode o f  t h e  a rrangement o f  two G l an-Thomp s on p r i sms . Th i s  

OBEF a c t s  n e a r  8 1 1  nm at  room t emperature / 7 / . 

A t yp i ca l  opt ic a l  

t ransmi s s ion characte r i s t i c  of  

the AgGaS e 2 c rys t a l  OBEF is  

s hown ( Fi g . 1 )  . The short 

wave length c u t  o f f  near 7 0 0  nm 

i s , o f  course , due to t he 

d i re c t  band edge absorpt ion 

( E g ) of .s em i c ondu c t ing ma terial  

of AgGaSe z and transmi s s ion 

range of l onge r wave lengt h 

e xpands ·ove r 1 7  um f o r  t h i s  

c rys t a l  ( a l though n o t  s hown i n  

t he f i gu re ) · . As - c a n  b_e s een 

f rom the f i gure , a good band 

e l im ina t ion ra t i o ove r 1 0 0  can 

be e a s i ly a c h i eved a t  near 8 1 1  

。、、。
z 0 

60 

日 40
ぴ下
zlf)z<!
� 20 

。
Eg 

700 

REFLECT! V ! TY LI M I T  

750 800 WAVELENGTH ( n m )  
850

Fig . 1  T ransmi s s i on spe c t rum 

of AgGa S e 2  c rys t a l  OBEF 

nm . If n e c e s s a ry , two c a s cade 亡 ombi·n a t i on o f  this f i l t e r  c an 

a c h i eved an e l iminat i on ra t i o over 5 xl 0 3  / 8 / . Thus , a c omb inat i on 

o f  AgGaS e 2  c rys t a l  OBEF and a s t andard s ingle monochromator can

repl ace a doubl e  monochromator . 
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p a s s ed and l en s  a by c o l l e c t ed wa.s 

OBE F . 

C T - 5 0 ) 

c rys t a l 

( Ja s co , 

AgGaS e 2  

S in g l e  monochroma t o r  

loaded t-1 i t h  

the t hrough 

Raman c omp a c t  �A F i g . 2 

pho t o c a t hode I nG aAs an s ys tem m e a s u rement 

R-265 8 )  ( Hamarna t s u , p ho t omu l t ip l i e r  

\lllSOO _ was 

t h i s  by me a s ured C C l 4 ·· we re of spe c t ra scat.t.ering Rall!JJlarrll Typica 」1
ant i - S t ok e s  a n d  S t ok e s  bot h [ cont.iir:mous ly scan sing l e  a by :system 

工Sl i gh七s c a t t e r ing Rayle igh The { Fig . 3 ) . peaks » scattering Raman 
s p ec t ra . s catte r i ng Ram.an 

WAνE NUMBER  ( c町.1 ,J
-20⑬ －1仰 O 加。

ord·er of c omparable t o  a suppr·e s s ed 

500 400 ョ。。

C C l 4  
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and S t okes i n c l ud in g  bot h  s pe c t r a Raman of e xamp l e  An Fi g . 3 
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the, res u l t  with a s in g l e  s can エS�ma l ys e r ナ （ OMA ) . A l t hough 

� a t i s f a ct o_ry , how�rve r '· a µ s e  of opt i c a l  mu l t i chann e l  ana l ys e r  ( OMA )

with a . � a s t  . mu l t i -.s �an detect i on s'ys t em would.· speed up the 

me.as�remen t  .and 9imi n i s h  a nois e l�ve l . Throµghpu 七 t h:Ls： ’W’ork , a 

I1� r � od of s im� l e , ine�p eps ive , high spe.ed · desktop Raman 

spect rome t e r  s ys t em i s  j u 号 t opened . 
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'· . CHA.RλCTERIZAT工ON OF Cu工nse司 THIN . F工LKS
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· PREFAAED · · BY TCB （工O'N工ZED tI瓜;FEま BEAM) TECHN·IQUE 、
K a t s u ak i  S a ヒ o , S e i s uk e  M a t s u d a , Y u k i  Ku.d o 
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d e p o id . ヒ � q n t e c h n i q u e  o n  g1 l a  s、s s u b s -t r a :t e 's'.: w i t h  ’ s i m u l t a n e o u s
d e p·o s i t i o n o f C u  , S e and I ri a. l' u s  t e t  s f ：。 f ‘ wh i c h o n ly 工ロ w a s" ·i 'o n i  z e d:· 
a n d  a c c e l e r a t e d . 工 t w a s  f o·urtd b o ヒ h .ヒ＇h e · r e s i s t i v i t y  ahd t h e· I n / C u . 
r a t i o  c·a n . b 司、 � q n t r o l l e d b y  c h ang i n g t h e  a c c e l e r a t i o n  v o l t a·g � . ’ 

1 .  INTR.OiJUCTION
1 0, 

1 01 

ε 丸3 ・� 1 0 ’

〉ト喝〉戸誤 l O。弘JEと

1 0 ’ 

1 0・2

‘ 。 〆
0 /

。

，． ，．白 〈, . . 、 －

T h e c h a l c o p y ，� i t e � ヒ y p e s e m  i c o n d u 'c:.  t o 芯 C冶i? p e 士 目 i n d i u m
d i s e l ert i d e . ( Cu 工ns e 2 ) h a s  b e e n  a t 仁 r a c じ i n g C 。 n s l d e rab l e
a ヒ 七 en ヒ i o ロ f 。 r 白 ヒ h i n - f i lrn S 。 l a r s e n a p p  l 1·c a t  i 。 ロ ’ ． d u e  t 。
i t s d i 玄 e c ヒ e n e 玄 g y g a p  a r o un d  1 . 0 ： 白 eV and ,a n  a b s 。 r p ヒ i o n
c o e f f i c i en t  w h i ch i s  t h e  h i g h e s t r e p o r t'e d· t o  d a t e  f o r  
any s e m i  c o n d'u c  t o r's I 1 I .  V a r i o u s  p r e p a r a t i o n ヒ e c hn i q u e s ' o f
C u l n S e 2 f i l m s  h av e  b e en r e p o r t e d ; e � g ー’ ヒ h e s i n g :l e ,:.. s o u r c e
o r  t h e  t w o - s o u r c e  v a c u u m  e v  a p o  r a t :i: o n , t h e  · S 'p u t  t e  r i n g , 
t h e  e l e c t r o d e p o s  i ヒ i o n , a n d  t h e  s e l e n i z a  t 土o n . R� c en 七 l y , a 
c o n v e r s io n e f f i c i e n c y  q f  o v e r  1 4  vo· w a s  a c h i e v e d  .w i t h 
C u i n S e 2 s i ng l e  j u n c t i o n  s o l a r  s e l l s / 2 / .  Th e e l e c t r i c a l
p r o p e r t i e s o f  C u i n S e 2 i s  s t r o n g l y  d e p e nd e n ヒ o n ·t h e  . f i l m 
c o m p o s  i ヒ i o n , .e s p e c i a l i y o n ヒ h e I n / C u r a ヒ i o as s h o w n  i n  
F i g . 1 ,  wh i c h  h a s  b e e n · o b  t a  i ロ e d i 古 o u r s y s  t e rn· .w i ヒ h: o u t
i o n i z a t.i o n a nd a c c e l e r a t i o n . T h e  , c o n ヒ r .o l o f ヒ n e I n / C u 
r a ヒ i o n i ロ ヒ h i s e x p e r i m e n t  h a s  b e e n a t t a i n e d  b y  c h ang i ng 
t h e  s o u r c e  t e m p e r a t u r; e  o f  工 ロ ． H o w e v e r , s i n c e t h e  
a c c u r a t e  c o n ヒ r o l t h e 工 n / C u r a t i o  b y  t h e  t em p e r a t u r e  i s  
r a t h e r  d i f f i c u l t , a n  a l t e て n a ヒ i v e  m e t h o d  f o r  t h e  
c o m p o s i t i o n  c o n t r o l ·h a s  b e e n r e q u i r e d . W e , t h e n , s o u g h t  
a p o s·s i b i l i t y  o f ヒ h e c o n t r o l b y  t h e  I C B ( i o n i z e d c l u s t e r  
b. e a m ) t e c h n i q u e , w h i c h  h a s  b e e n k n o w n  t o  p r o v i d e a n
ex c e l l e n t  c o n t r o l l a b i l i ty o f  f i l m c o m p o s i ti o n ·. 

0.6 0 .8 1 . 0 1 . 2 

Th e  i o n i z e d c l u s t e r  b e am （ 工 C B ) t e c h n i q u e / 3 , 4 / i s  an -. i o n  
a s s i s t e d f i l m d e p o s i t i o n  m e t h o d  f o r  f o r m i ng h i gh q u a lt t y 
t h i n  f i l m s  b y  u t i l i z i n g  t h e  e f f e c t s  o f  i o n  b e a m 
b o mb a r dm e·n t  a n d  t h e  i n f l u e ロc e o f  t h e  c h a r g.e o f  i o n i z e d 
p a r t i c l e s . A t. f i r s ヒ ， t h e c l u s t e r s  w h,i c h  .c on t a i n . ;5 '0 0 - 2 000 
a ヒ o m s l o o s e l y c o u p l e d  t o g e t h e r  a r e  p r o d u ·c e d b y  a d i a b a t i c  
ex p a n s i o n  c: a u  s e d b y  e j e c ヒ i o n o f t h  e v a p o r i z e d a t o m s· 
t h r o'ugh、 a . s m a l. l n o z z l e  i n  t h e  l i d o f  t h e  c r u c i b l e  ・一 : N ex t , 
t h e.y ,,,a r e · .. i o,n d. z. e d : b y , a n  e l e c t r o n1 · b o 瓜b a r d m  e n't · a'n d a:r g 句
a c c e l e r:a ヒ e d · t 。＇.w a r d·s '. a 」 s u b s t.r a t e  b y-, t h e  a p p l i c a t i o n 10- f  a 

、 ，n � g a 1;. .i v.-.e , a c c e l e r a t i on· v.o. l t a g e- .  V a .; ( F i g  •. . 2 ) J.lh e n > ;t.h包s. e

l門／Cu RATIO 
F i g .· 1 . . I\ e � i s  t.i v i  t y, v:.s . I n IC u 

' r a t i o · ・ c u t v E! · m e1 a' s u τ e  d b y
c h a n g i ng ヒ h e s o u r c e  t e m p e r a t u r e  

subs t r o t巴

c 1_,U S·t： 己 主 S 、 a r :c i _v e r, a t  ヒ 1). e, s u b s t -r a t e  t h e:Y b r e a k u p.'» a' n d  -, Hg l  Z ,>Sdiema t'ic d iム� rain- .of an 
m ig f  a,t .e_! P � ； i th＇� · 買，u b 与 ，t -r a t.e . w i t.h a . l<;. i n e t: i c  e n e r g y  ,o bJt a;i h,e d · , : .. I .C B  g· u'.n ロ 5 eせ ・ ｛ π 「o u r s ys t em., 

b y . _q-1e a, c c e· L、e ra t i p µ ・ t T h e  e ヒ t r a c t i v e f e a t u i; e. s σ f  , t h e- . .  I C.fr 
, t ·� c l;i:n .i � u e a 有 EL , d e s c r. i b e d a s ， � o l l: o, . .w s :  ( l ) : W h � .n.. t:.h· e .i “ 〔 ： ；·＂ ) 
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s u b s  t 玄 a t e , t h e  i n c i d e n t  m o m e n t u m  o f  t h e  c l u s t e r s  i s ヒ r a n s f o rm e d i n t o  t h e  s u r f a c e  
d i f f u s i o n  e n e 玄 g y • ( 2 ) Th e m i g r a t i o n  e f f e c t · c o n t r i b u t e s ヒ o m aki n g  g o o d  q u a l i t y f i l m s  a ヒ
l ow e r  t e m p e r a t u r e  o f  s u b s t r a t e -;.  ( 3 )'B y  c o � ヒ r o l l i n g 句 t h e V a- , i t  i s  p o s s i b l e  t o  p r o v i d e  
e n o u g h  e n e r g y  f o r  � u r f_ac;. e d i f f u s i o 江 ； ·s u r f trc. e· ·c l e a n i n g  a n d  -:Lmp r o v e me n t  o f  a d h e s i o n . 

I l a叩 ＼

PREPARATION 

T h e  C u 工 n s e 2 f :i l m s . w e r: e ’ p r e p a r e d ·o n  t h e  g l a s s  
s u b s  t r a t.e s by I CB d e p o  s i ヒ i o n ヒ e c h n i q u e w i th o ロ e
i o ロ i z e d c 1 u s t e r g u � －  ( f .o r I n s o u r c e ) a ri d ヒ w 0 
e v a p o r a t i o n s o u r c e s ( f o r  C u  a n d  S e ) a s  s l). o w ロ
s c h e m a t i c a l l y i n  F i g . 3 .  

2 . 

�宮��
JJ�q �口� ＼排

F i g . J S c h e m a ヒ i c d i a g r a m  of t h e  

ICB  d e p o s i t i o n  s y  s ヒ 色 m

vn cu 1 1 111 sys t el!t 

S o u r c e  m a t e r i a l s  e m p l o y e d  w e r e  C u  a n d  S e  o f  
9 9 . 9 9 9  % p u r i � y a n d  I n  o f  9 9 . 9 9 9_9 7o p u r i t y . Th e 
s o u  r e  e ヒ e m p e r a ヒ u r e s  o f ヒ h e t h r e e  c r u c i b l e s  u s e d t o  
o b t p. i n  t h e  C u - r i c h f i l m s  a r e 1 1 7 0 ° C  ): o r  Cu , 2 6 0 ° C  
f o r  S e  an d 1 0 6 0 ° C f o  r ・ 1 ロ ・ T h e d e p o s i t i o n  o f  ヒ h e 
C u - r i c h f i l m s  w a s  p e r f o r m e d  b y  k e e p  i ロ g t h e  
e l e c ヒ r o n c u r r e n t s  f o r  i o n i z a t i o. n I e = 1 0 0  mA a n d  
b y  c h a n g i n g ヒ h e a c c e l e r a t i o n  v o l t a g e  oJ I 江 V a= O ,
0 . 5 ,  1 . 0 ,  1 . 5  kV . Th e s u b s t r  a ヒ e t e m p e r a t u r e  w a s  
k e p t a t  T s = 3 8 0 ° C , a n d  t h e  p r e s s u r e . iロ ヒ h e y a c u u m  
c h a m b e r  w a s  m a  i ロ t a i n e d a t l e s s 七 h a n 1 �そ 1 0 - ..J T o r r 
d u r i ng d e p o  s i t i o n • T h e  t y p, i c a  1 t h i ckn e s s  o f t h e  
o b t a i n e d  f i l m s  w a s  a p p r o x i m a ヒ e l y  5 0 0 0  A .  Vo • 0 kV 

j 一コ ．0｝
〉ト一ωZUHZ一

f o r  t h e  
S o u r c e  

1 1 2 0 ° C  

I n - r i c h f i l m s  w e r e  a l s o  p て e p a r e d  
c o m p a r i s o n  w i t h t h e C u - r i c h f i l m s . 
ヒ e m p e r a t u r e s o f  C u , I n  and S e  w e r e  1 1 7 0 ° c , 
a n d  2 6 0 ° c , r e s p e c t i v e l y . 

( c l  
Vo • 1 .0 kV 

Th e X 国 主 ay ( C u k α ） d i f f r a c t i o n  p a t t e r n s  o f  C u - r i c h 
C u i n S e 2 f i l m s  p r e p  a τ e  d u n d e r  d i f f e r e n t 、 I n ­
a c c e l e r a t i o n v o l t a g e s  V a  a r e  s h o w n  i 口 F i g . 4 .  I ロ
F i g . 4 ( a ) , t h e  d i f f r a c t i o n  , p e a k s  f r o m  ( 1 1 2 )  a n d  
( 3 3 6 ) p l an e s  w e r e  o b s e r v e d , s u g g e s ヒ i ng t h a ヒ 七 h e
< 1 1 2 >  a x i s  i s  p r e f e r e ロ t i a l l y o r i e n t e d 
p e r p e n d i c u l a r  t o  t h e  f i l m s u r f  a c e . T h e  p e ak s  f r o m 
s o m e  e x t r a n e o u s  c o m p o u nd s s u c h、 a s I n 6 s � 7  a n d  C u 2 S e  
w e 戸 e .a l  s . o o b s e r v e d  • 0 n t ·h e o t h e r  h a n d  , i n  
F i g . 4 ( c )  n 色w p e ak s- f r o m  ( 2 2 0 )  o r  ( 2 0 4 )  and ( 1 1 6 )  o r  ( 3 1 2 )  w e r e o b s e r v e d  wh e r e a s  t h e  
p e a k s  f r o m  e x·t r a n e o u s  c o m p -o u n d s  w e r e  n o t o b s e r v e d . T h u s i ヒ i s f o u n d  t h a t  t h e  
c r y s  t a  1 l i n i  t y  o-f t h e  f i l m s c an . b e  v a r i e d by ch ang ing t h e  I n - a c c e  l e r a  t i  o n  v o  l ヒ ag e . Th e 
X - r a y ( C u  k α ＇） d i f f r a c ヒ i o n p a 七 t e r n s  o f 工 v r i c h C u l ロ S e っ f i l m s  d e p o s i t e d u n d e r  
d i f f e r e n ヒ 工n- a c·c e l e r a t i o n v o l t; � g e s  .V a a r e  s h o wn i n  F i g . 5 .  F i g s . 5 ( a ) ari d 5 ( b ) 
r e p r e s en t ヒ h e X - r ay p a ヒ t eて s f o r  f i l m s p r e p a r e d  w i t h o u t  a n d  w i ヒ h t h e  a c c e l e r a t i o n 
vo l ヒ .ag e , r e s p e c t i v e l y . P e a k s  (.1 0.1 )  and ( 1 0 3 ) c h a r ac t e r i  s ヒ i c t o  t h e  c h a l c o p y r i ヒ e p h a s e 
w e r e  o b s e r v e d  i n  b o th f i l m s. , i n  a d d i t io n  t o - t h e  p e ak f r o m  ( 1 1 2 ） ， ぐ 2 2-0 ） ’ o r  ( 2 0 4 ) ,  
( 1 1 6 ) o r  ( 3 1 2 ) , ( 3 1 6 ) o r  ( 3 3 2 }- 'a n d  '( t� 2 t� ）  p l a n e s . T h e r e: f o r e , w e 戸o b s e r v e n o  p て o m i ロ e n t
e f f  e c 七 o f  t h e  a c ce l e r a t i o n v。 l t a-g e o n  ヒ h e f i l m C でア s t a  1 l i ni t y i n  In 田 r i c h f i lms - . 
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l o )  

(b )  

－コO｝〉ト一ωzu←z一

M o r p h o l o g i c  1 o b s erv.a t i.ans . f o r . ヒ h e C.u - r i c h  -f i l m s  
w e r e  p e r f o r m e d  µ s i n g  an o p t i c a l m i c r o s c o p _e · a tl d  a 
s c a n n i n g  e l e c t r o n  : m i c r o s c o p e ( S E M )  . . 工 n c 芯 e a s e d
numb e r  o f  b r i g h t  s p o t s  w i th h i g.h r ef l ec tan c e . i n  
t h e f i 1 m s p r e p a r e ·d w i t h i n c  r e  a s  e d a c c  e 1 er a t  i o n 
vo l t ag e s  w e r e  o b s e rv e d b y  t h e  o p t i c a l  m i c r o s c o p e  
s t u d i e s . T h e  q u a l i t y o f  t h e  f i l m s  s e e m s ヒ o b e  
i m p r o v e d · b y  i n c r e a s i n g  t h e  a c c e l e r a t i o n  v o l t a g e . 
The S EM o b s e r va t i on m a n i f e s t s t h a t  t h e  g r a i n s i z e  
o f  c r y s t a l s  i n ヒ h e f i l m s  i s abo u t  0 . 5  µ. m ,  wh i c h  
b e c o m e s  s m a l l e r b y  a n  a p p l i c a t i o n  o f  a c c e l e r a t i o n 
v o l ヒ ag e .

Vo ・ t .OkV
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F o r 工 n - r i c h f i l m s ， ヒ h e s u r f  a c e  o f  t h e  f i l m 
p r e p a r e d  w i t h o u t  a c c e l e r a 仁 i o n v o l t a g e  ( V  a= O  kV ) 
w a s  f 1 a ヒ a n d m i r r o r - l i k e . O n  t h e  o t h e r  h a n d , 
c r a ヒ e r - l i k e h o l e s  w e r e  o b s e rv e d  o n ヒ h e s u r f  a c e  o f  
t h e  f i l m w i t h  V = 1 . 0  k V . S u c h  h o l e s  h a v e  o f t e n a . 
b e e n  o b s e r v e d  i n 工 C B f i l m s  a n d  h a v e  b e e n 
c o n s i d e r e  d ヒ o b e  c a u s e d  b y  s o - c a l l e d  s p i t  t i ng ； ヒ h e 、
f i l m s u r f  a c e i s  a t t a c k e d  b y  a l u m p  o f  s o u r c e  
m a t e r i a l  e j e c ヒ e d f r o m  t h e  h o  1 e a t  a b .u r s ヒ ．
A c c o r d i ng t o  t h e  c o mp o s  i ヒ i o n a l  a n a l y s i s  b y 工 C P
( i n d u c t i v e l y c o u p l e d  p l a s m a )  t e c hn i q u e , t h e  I n / C υ  
r a t i o  o f ヒ h e C u - r i c h f i l m s  i n c r e a s e d  f r o m 0 . 8 0 f o r  
V a = O  k V ' t o  0 . 9 9  f o r  V a = l . O k V  a n d  w a s  s a t u r a t e d ヒ 0
0 . 9 9 w i t h ヒ h e i n c r e a s e i n  a c c e l e r a t i o n  v o l t a g e  o f  
工 n a s  s h o w n  b y  a s o l i d  c u r v e  i n  F i g . 6 . 工 a t h e  
s a m e  f i g u r e  ヒ h e S e / m e ヒ a l ( = C  U 十 工 ロ ） r a t i o  i s  a l s o  
p l o t t e d b y  a d o t t e d  c u rv e . 

10 ' 
1 5 05 1 .0 

Va (kV) 
F i g . 6 A c c e l e r a t i o n  v o l t a g e 
d e p e u d e n c e o f i n I C u· r a t i o 
( s o l i d )  a ロ d S e / M e t a l r a t i o  

( d o t t e d )  and r e s i s t i v i t y ( d o t ­

d a s h e d ) f o r  C u "- r i c h  f i l m s  

08 

0 7 0 

1 0� 
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LL LL μ」。仁J , I O守
� ト－Q Cと0 U】ロコ<I: 

!O J 
0 .6 

，e／

 

’’／

 

ノ
／．・e
’／fja，J
，Jlf

 

／／

 

一·－ O kV · · i . O kV 
I n  - rich 

／

 

／

 

／

 

／

 

／

 

I n  a d d  i ヒ i o n ， ヒ h e d o t - d a s h e d  c u r v e  i n  F i g . 6 
r e p r e s e n t s t h e  a c c e l e r a t i o n  v o l t a g e  d e p e n d enc e o f  
t h e  r e s i s t i v i t y f o r  C U 田 E J c h  f i l m s . T h e  
工 e s i s t i v i t y v a r i e d f r o m  7 . 41\-l Q 田 ι Q c m ヒ o 2 . 1  Q c m  
c o r r e s p o n d i n g t o  t h e  c h a n g e o f  a c c e l e r  a ヒ i o n  
V O  l ヒ a g e f r o m  z e r o ヒ 0 1 .  5 k V . Th i s  r e s  u .1  t i n d i c a t e s  
t h  a ヒ c o m P' o s i t i o n o f t· h e f i 1 m s  r e a c h  e d a ヒ n e a r 
s ヒ o i c h i o m e t r y b y  h i g h e r  i n c o r p o r a t i o n  o f  I n  i ロ ヒ o
ヒ h e f i l m s . Th o u g h  t h e . r e s i s t i v i t y c u r v e  s e e m s  n o ヒ
ヒ o a g r e e  w i. t h ヒ h e. a n a l y z e d  I n / C u r a t i o  c u r v e , w e  
c a n f i n d  a g o o d  c o r r e s p o n d e n c e b e t w e e n  t h e  t w o  
c u r v e s , i f  w e  t a k e  i n t o a c c o u n ヒ ヒ h e £ a c t t h a t  e v e n 
t he  s m a l l  v a r i a t i o n i n  t h e  I n/ C u  r a t i o  c a u s e s  a 
l a r g e  c h a n g e o f  r e s i s t i v i t y  a m o u n ヒ i n g t o  s e v e r a l  
o r d e r s  o f  m a g n i t u d e  a ヒ ヒ h e n e a r l y  s t o i c h i o m e t r i c  
c o m p o s i t i o n . 

1..6 0 .8 ! . 0  I 2 · I A  
PHO了ON ENERGY (eV l  

F i g . 7 A b s o r p t i i'.> n  ·s p e c' t r a  o f  

C u -: r i c h  an d I n - r i c h  · f i l m s  \.l � t h 

d i f f e r e l} t  a c c e l 7 で a ヒ i q n _v o l  t a g  e s  

F i g u r e  7 s h o w s  a b s o r p ヒ i o n s p e  c ヒ r a o f  b o ヒ h C u - r i c h  
a n d  工 ロ 四 r i c h f i l m s  o f  ℃ u'r n s e 2 ・ C u - r i c h f i l m s ( s o l i d  
c u r v e ) s e e m ヒ o h a v e  a c o n s i d e r a b l y  l a r g e 
a b s o r p ヒ i o n c o e f f i c i e n t  he－ � o w  t h e  b a nd · g a p . I t  m a y  
b e  d u e  t o  t h e  o p ヒ i c a l － － － ��：’c a t  t e r: i .n g b y  ． ヒ h e · r :0 u .g h 

· s u r f a c e  o f  t h e  C u  - r i �h f i 1 m s ，・ T h,e q e l o w .- g a p  

a b s o r p ヒ i o n c o e f  f i c i e n じ ， w a s c o n s i d e r a b l y 工.e d u c: e d b y  _ 
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i nc r e a s ing the a c c e l e r a t i on v。 l t ag e  as  s hown by a d a s h e d  c tl'rve 』 in F i g. -. · 7 . ; From t h e  
abs o r p t i o n  s p ec t rum the d i rec t energy · g a p · o f  the · Cu-rich · f i lm t t-Tas 、 ：d'et.errriined a s  
' O . 9 7  eV . N o  p r o m i n en t  s h i f t  o f · t h e  、 ：ene·rgy g ap " by  :-the 'a c c e l e r a t i Ori wa� o hse乞γ巳Ci .

On the. o th e r  hand , ab s o rp t ion s p·e c t r a  in In•rich h i gh res i s t f、γ i ty:,,, f 主 lms ・ �How ’ a w e l l  
d e f ined  a b s o rp t:l o n  'e d g e  and a s m a」L 1 ab s。rp t i On ·c o e f f i .C i ent ’ Jf.br p h。ゼ。n erl·er·g-i e s· ,  b e  l ow 
the energy g ap as  s;hown by the d o t - d a-sh�a· - curγe ' iri Ft g .  )·1. How色ve r , < the ·a·c と e l er a t i on
i n t r o d u·c e s  a d d i t i o n a l  ab-s or p t i on t o : the. b e l ow四 g a p s p 包 c t れim as shown by· the . · d o t t e d  
curv e . I t  m a y  b e  c au s e d  by  t h e  - s c a t t e r 土ng d u..e t -0· ヒh色 ctatet:s p r 。 du c ed by s p i t t i-ng . 

F i g u r e  8 s h ows  p ho to c onduc t iv i ty ( PC )  s p ec tra ・ 。r
typ i c a l  C u - r i ch and In- r i ch f i lms m e a s u r e d  a t  r o o m  
t emp e r a t u r e .  Th e r i s e s  o f  the pho t o condu c t i on a t  
t h e  abs o rp t i o n  e d g e  i n  b o th f i lms  are . s t e ep ;; The 
p h o ヒ o r e s p o n s·e o f  t h e  C u - r i c h  f i l m d· e c r e a s e s  · 
r a p i d  1 y t o w a r d s  t h e  h i g h e r  ;e n'e r g y  r e g  i 。 n ‘ a s 
d e s c r i b e d i n  r e:f . 5 .  T h e m a x i m u m  o f ’ t h e -: P C  i s . 
1 . 0 5 eV and a s h o u l d e r - l ik e  s t ru c tu.r e＇ 、 i s o b s1erved 
a ' t  ' 1 .  2 5 e)/ .. f p .r the c q田 r i ch f i lrrns • F o:r the In- r ic h  
f i lm ,  the pho t o r e s p on s e i s  ap p r oxima: t e ly cons t an t  
f o r  ene rgy r e g i on f r o m  1 t o  2 eV ·wi th t w o  p.e aks a t  
1 • 0 7 e V a n d  1 • 2 7 e V • Th e p h o t o  c o n d u  ·c t  i v  i t y： に in
CuinS e 2 �as b e en kno wn t o  be p r o p o rt i on a l  t o  n - th 
p ow e r  o f ヒ h e - l i ght  i n t ens i ty .  The exp onent n· in 
our f i l m s  is  d e t erm i n e d  t o  be abo u t  0 . 9  for b o t h . 
C u 圃 r i ch and In- r i ch f i lms . 

4 .. Conclusion 

》 ”
0
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と一＞戸計zumU〉5
J出

ー 一一 Cu ンrich－ 、 、 － ー 四 I n - rich 、
、、、

x 4 0  

0 

0.7 0.9 I . I  1 .3 .. 1 .5' 1 .7 1.9 2. 1 
PHOTi。N ENERGY (eVl 

F i g . 8 P h o t o c o n d u c ヒ i'vi t y s p e c t r a  
i n  t y p l c a  L” C u - ri ch " a n d  I n - r i c h  
f i l m s  

T h e e l e c t r i c a l , o p t i c a l  and c ry s t a l l o g r a p h i c  p r o p e r t i e s  o f  t h i n  · c u i n S 色 2 f i l m s  
p r e p a r e d  b y  I C B  t e c h n i q u e w e r e  s tu d i e d . P r e p a r a t i o n  o f  t h e s e  f i l m s  w a s  m a d e b y  
s i m u  1 t a n  e o u s  d e p o  s i t i o n  o f C u  , I n  and  S e c 1 u s t e·r s ι F i l m s . w i ヒ h t h e  < 1 1 2 >  a x i s  
p r e f e r ent i a l ly o r i en t e d  p e r p end i c u l a r  J ’ t ο the s u r f  ac-e ， ’ w e r e  .. o b t a ined . Fo-r Cu - r i ch 
f i l m s  the  c o'mp o s  i ヒ i on r a t i o o f· I n  to  · c>u w a s· ab � e  t o  b e  c o n t r o l l ed by chang ing ヒ h e
ac c e.l er a t i o h  ·vo l ヒa1$ e f o r  the  : bon i z e d : c l u s t er o f  In'. S imu l t an e o u s ly , t h e  res i s t iv i ty 
was  f ound � o  b e  v ar i e_d by 2 o r d ers  。f magni t u.d e  by · t h e  a c c el ef a t i oロ ・ The o b s e rv a t i on 
b y  a n  o p t i c a l  m i c  r 。 s c 0 p e r e v e a 1 e d t h  a t t h e  r e f 1 e c t i v  i ty i 乱c r e a s e s  w i t h  t h e  
a c c e l er a t i on .  The b e l ow 田 g ap ab s o rp t 1 o n  ·c·o e f f i c i en t  i n  the ab s o r p t i o n  s p ec t rum w a s  
f o und t o  b e  c o ns i d e rab l y  r e d u c e'd by th e ac c e l er a t i o n , ind i c.a t ing the  improveme n t  o f  
t he f i lm p r o p e r t i e s . O ri  the o th e r  h and , the a c c e l e r a t i on b rought  ab o u t  a d am a g e d  
s u r f ac e  f o r  the · rn四 r i ch h i gh re治 i s t ivi ty f i lms  ・ No impro vemen t o f· the  f i lm . p ro p er t i e s  
w e r e  o b s erved i n  the In- r i ch c a s e .  

Acknowledgment 
Th i s  wo rk h a s. b e en p ar t i a l ly s u p p o r t ed by H o s o - B unka F o tind a t  i 。n ・ － A · s.u p p o r t  f rom t h e  
S u n s h i n e  P r o j e c t  f r o m  t h e  M i n i s t 玄 y o f  I n t e r n a 七 i o n a l- T r a  d’d an d I n d u s t ry t s  a l s o  
acknow l e d g e d . W e  exp r e s s  d e e p  g ra t i t u d e  f o r  Fuj i E l ec tr i c  C o rp o r at e ' Res earch and 
Deve l o p men ヒ L t d . f o r  c o m p o ·s i t i ona l ana lys i s  by  I CP t e chni q u e .  

References - . ·- " ' l _, 
1 .  s 。.l ar C e l l s  16 · ( 1 9 8 6 )  [ S p e c i a l  i S s'u e fc/r· CuinS e ぅ ］ . 
2 .  K . M i tche l l , . �，. Eb er s p acher , J . Erm'.e:r , D＇－� ·P i er -, P r o c . 2 0 th !EEE - PVS C :,  ( 1 9 8 9 )  p l3 g 4 . 
3 .  T T akag i ,  K . M a t s ub a r a > H . Takaoka and : I .Y·amad a ,  ·Thjiri" -$ o l i d  ,;F'i：七ns :> 6 3 , ; 4 1  ( 19  7 9 ) • 
4 • T ;Tak a g i ·, th i n  s 6 l i d  'F i 1  ms  92  , i · ( 1 9 8  2 ) • 
5 .  V . Ramana than , T . Da t t a  and R �·Nou fi , App l .  'Phys . ·te t L＂ ’ 51  ; ;  � 7 4 6 , •  （ エ 9 8 1.. ) �－ .... :: ·: 

-80・4 →



＼
人

ノ

__/" 

／ ー

、

ノ／ 

「 ノ、、、

／ 〆
、く
「 、 ／ 、

) -
「-

_/ 

＼ 

PROCEED工NOS

七b
OF THE B INTERNATION仏 CONFERENCE

ON TERNARY A.ND llULT工NARY OOMPOUN凶

宍ζ / -

＼ 

Kishinev ，、 USSR, Sep色ember 1 1 ・ 1 4 , 1 990 

Vol. 1 .  Diamond like semi。ondu。tors a 
· defe c t  and layered oompounds 1 

magne ti。 and semim負gne 色io

semi condu。tors ， ／ 

政iited by 

s. I. RADAUTSAN and c . SCHWAB 

、J－／ 
／ 工nstitute of Applied Pllyaioe 

”Sh乞iintsa” Pre a s

も 、、．巴 、
Kishinev 1 990 

し

Ve- I - 2 l-\ "g-げ�l7�'Y-<vi的 S砂 川んやいうJ
ρ向いvドσLら （ ＂＇－…Cトy」え ］ J r

3仰l dグぺ 川Jれ匂プ三⑦ （次 包 jφ仇

／ ， , 」 、r



〈よ
_) 

、， 

l 一一 ’ 

一句、 ’F -一

f：

 

＼dt

 

-·--..,.-〆’ヲ
／ ‘－  - - -
r � 、

- - ' 

〈

JF
 

WJ

 

’s ， 刷、
- ( －、 � - - ·- · ,-， ー� c: 昌一 F’ F ー

� 

r-

イ／

、、、ー～ ，， 
ー一__..-r －一一 ・

＼ ー も 《 J一 一／ ’ f ← ～，t ー 』、 ，ー一－ 一 、ーー 〆ー一一ー 「一 一， , - 」d , f’e 「P、 」J ’ と ·－－－＇

� 

� 
－ －－、

- --� 
「 、 － ,--;: 、 －J 、，ー司、‘ 、�
、－－ r副 ．、 ー 『

町、
3 、 ， ） 、，

< r 」

� _, F、、

-- －・3』／ , 

1 ， ’ 

ーJ,/ 

J 『 f 』 二 、 ， r - ; �－ 」

‘ t  亡、 ー ～ 「 e � d ， む

＼ ： へ と J - - � ヘ f

弓入 ，1 ・ ？ 二～ - _ - ’ _,, L、 － -t ・ ノ＼ 、 戸 一「 ／ー －－、 二 dメ～ J , - －ー ／ー ， t ‘ 「i ーι,_.--. /' - __ <-- Jン， μ ：－ F ・ ， --:c -.. ._., __ 町三万 －./ 
- . l,-/ ,---/ :_ • .＼ 、

＼＼ 戸七 ＼ ‘ 』 『 〉 ー に ＼ 一 戸
f、 、 h 乙一 、」 「 〆 J ろ どー」 ， ’－ ＿，－－‘ － - � －～、 』ー ー
／ ‘ ’ ＼ ー － - •. 

, ' てム「 、 し ： 、 ． 」 － - ·_ • ·- - ／デ ー ， ー 二ー ＂�＜＇.：＞：： 、 ・ 0 ,--- －－� 
� � - , ) �· •. ·�－ ー へ ’ Lニc －「

ι 
:: --: .: \ 、 て ’ ；－ • ’ J  . ：：－� . 「「 二 ’ －.－� － ー 二一 ； ， -· 

へ｝ ‘ 、 ー ． 「 て〕 ー ー ホ ヨ 戸 －＿ ' － 戸 、、

＇－ � ～ J  i ～ 、 －,,-J�. 「 イ
ヘ ー - - � �ケ ～ 』 － .<;; . • ぺ 勾「 C ， 干 しム - ‘ ， 、 ’ 「 ：7

4 こ ； し f F ち － . J 「 こ ·�：－－ - � \ 
F こ ー － J J '-' － 一 二 、 し ご 』 ～

〆～ ＇ －＂＇ ’ τ ’ － r 
- f， ン ·－ -，＿＿ 、

- ＂ ’ 、 し ι

」 ご 壬 :· ヘ ' \  ニ ～ ）でム

「 ア ハr-·-c_ ・ ， r '· 
I , ：，. 、 、－ (_ 

/' ＿，ノ 、 】 Cユ 」 一
.－－ 、....， - （ 、

ーど ／／） ー イで ‘

ー 、 ？？了 r ＇＇－ ‘ オ I �－J _· ＇.ゾ ー r ， ‘  ー ＼ 下 戸 戸
� - ..!• A ，， ～ー’J

二 三 二 こ 一ー い ＼ 三先お よぴ多元化合物lξ関す 妥研究J会－ / l ーγ fj ．ご -- c 〆「 ． ー 』 史’ - - . . ·- - I 司 ー てユγ ·－ ，；二 . r - 1 · ' - ＿ ’ － , • I r.:-; _ 、 ↑ 7 代表車縛：�j. ' j工 二表； 三ざ／ - ,; • � ��－ -: .z - 1 －�，＇＼ ； 
J ’ ;:- ノ ヘ r ” － ：ノ ． 、 ， Jヘ ｜ 、 J βー－r 了 二 .－ －.�� �－ リ t ’ 事 務 L 局 干 ！62 東京都新宿区神楽坂1-3 － � - 1 － ＿ 一 二 r_,c.乙 ＼ー レ r 「 、 .. - - - I 下 、 ＿r：� 東京願状学工学部電気工科ヰ づ 1·- < _,,-

γ \ --·, -- -....- . - . ～ I ＂°＝－ ペ ム f ｝�J� ・ 遠藤研究室； 二二 一 川 、午 － つ －－ - ...，� 
ィ ： J ;r，＿ 、 ， ： Tel..(03) 2B9�J27ι内33�6 旦�3�97＿－－：.� J ピ ； ι （c...- · I －－. 、 ， － - . - J 三J Fー ー ｜～ ， J J唱 、 'f '-'""' . r － ノ（ 」ご ： － ／〆 ’ ？ � ..c-- ''- ； 「ーベ『 ーー一ー 争

� :;::;.r -- －�－－ － ー γ－－ _, - ，＿＿ ＂ じ － -- c 』 '7' ' ..,_ .::: ＝－� 'i＿� ' . --.：三 ～ J '-( ／； 一 戸 」 C - "' - , _  , .,., 申 、 f 一 七 、 - -,.-" <"' - 4ム 二三 ’ �－ ／ ’ 、 .... ζ三 イン ： 匂 F ・ . ' I ,--- • ’  ～ ー 勺 ー ー ‘「 、 ・ ＇·－ -_,-二 ｛ ・ ιてf ご． 司 件 L、官、..> －ζ 1:-
(:' - L ·-:' � :- / ' －－�� てc.. - �ア-r - ； 「

イ” ー ーー～
，：」 －－－＞ 、』- -- . ／」 ‘ ー － cc· - ＇· 、 ／ ～ 〉キL、

〉 〆 ・ ’ －＇ －3 、 －

一ー ，，．、' 

9 
c， 、

ーJ

し f、

.--、.-
< J 、『 」、ー 《？

ー 】 i」 ノ
ぐー

ミ-ノ ‘ �f 
， ' 

〆r

『('' f

 ,_ - . i < 
〉 ’�内

－－ーふJ

．，〆ι J

＼ ノ’

4戸
， - L」ー、 〆，－＝ ' -〆／ ，，  a ι r ，， 、． 、、 �－- -、 白 ， 、 』ー‘ ー’ ‘. . －、」 － －-
L 】w〆

一-

J

 

J
O

 

－－－ －
JaJ ，

 

f
－
一

--
- _.. －－－－＝－「<. 

コニ ー ノ

f

 

f

 ー ー‘、. 
， , . -p「

h

 

F
F『 ，F

-,---

� 

ム




