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2 ok—BiSI, BiSI : Co, BiSel % BiSel: Co @ 2A¢ A% AEUAe 86molen
)9 lodine® FHAABH Y3 AFEYste) 4 ingotd AH&3te] 43 Bridgman %
o AR AR DAL orthorhombic 2%, energy band T2+ Tt Aol o g
203K o4 %38 energy gape 77 1.590eV, 14126V, 1.282eV H 1.249eVE Foixm, en-
ergy gap®] €% °&4L Varshni WA o2 & EJ=) Cobaltd H7HE Wl veptes B
FES peakE T, symmetrydoll A& Co?*, Co® ion?l energy THE Abo)e) Az A o]
)& A vebdol

Abstract— Single crystals of BiSI, BiSI : Co, BiSel, and BiSel : Co were grown by the vertical Bridg-
man method using the initial ingots obtained from the stoichiometric mixture of Bi, S, Se, and
I (excess of 8.6 mole%) elements of a high purity. It has been found that these single crystals
have an orthorhombic structure and indirect optical transitions. At 293K the indirect-band gap
of these crystals is given by 1.590 eV for BiSI, 1412eV for BiSI: Co, 1.282eV for BiSel, and
1.249 eV for BiSel: Co, respectively. The temperature dependence of the optical energy gaps is
well fitted with the Varshni equation. The optical absorption peaks of cobalt impurity in these
single crystals are attributed to the electronic transitions between the split energy levels of Co®
and Co®* ions located at T, sites of the host material.
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1. M &

BiSI¢} BiSeli= VA-VIA-VIP group?] Ar4l3igtE=s
& FHPES} FHAHAAE FTH3L U Photo-
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2.1. BiSl, BiSel, BiSI: Co % BiSel : Co ingot
B

W7 10mm, 574 2mmel, Ze] 300 mme +9
Aod @] WE-E FANE MHsta, Moo &
ZES BFIA AFT F AHAdH HEE 1X10°°
mmHge] AFo FAsHA Aodgg 1000CR
7hdsted Add e AHFEEES AASIY B
-4 M d g whEdck 2EE(6N) 2] Bismuth(Bi),
Sulfur(6N), Selenium(6N), Iodine(I) 2 mole v]&
Azksta 1, S, Se, Bi £2.2 A3l 93 7))o
AFE7) 2X10 mmHg ©l18l= & of Bslste
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X E 50T/hre] $24T 8 300C7HA] 27 &
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& FaA F BUAT SEEE 60T £
ZA1A 2427 W8 A7), 700C7HA] S22 HT
o] 2&ollA] 50417t &-FA1AH FUF FEe) HESE
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2.2. BiSl, BiSel, BiSI : Co % BiSel : Co &y
8%
3= BiSI, BiSel,

BiSI: Co 2 BiSel : Co
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muth’} 2582 2H8-3l9] energy gape] HaSHE
dafo] vepyiTh

BiSI, BiSI : Co, BiSel ¥ BiSel : Co ©&tZ# Ewt
2HE] Q& Xray A & SbSI AA S JC-
PDS Card(No. 21-50) % SbSel wZ#¢] JCPDS
Card(No. 38-691) 9] gt} w]sws] B A ortho-

BiS1: Co (1mole %) CRYSTALS
« Orthorhambic

= 0= 84 A
< b=10.11 A
s C=410A
- 5 "
2 w0 ~
o w | T - e S
L Bt Y o~ -~ O o
- Z (o~ * ~e .
- i -~ m - - -
8 ‘e lg"‘;’ . =S 338 gg
<8l : T gl sEtoEg
o l‘ |l - = ~
4 , | Ujd 2
| ULJ Uid |

L l l |

10 20 30 40 50 60
20

3 2. X-ray diffraction patterns of BiSI : Co single

crystal powder.
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37 1. X-ray diffraction patterns of BiSI single crystal 38| 3. X-ray diffraction patterns of BiSel single crys-
powder. tal powder.
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rhombic 729& & & stk 22|22 o]F X-ray
3] A 75 SHSI Fxs| s FU Wi e 2[6]
&) A 3ted Miller A48 7314 7+ FAd A2 AxFE
28 1, 29 2, 29 3, 28| 27 49} Fo] BA
s, 72+ Ao sdEe HWaAA dAee B
1, ¥ 28 3

X 13} 29 X-ray 3™l g SA data%— Nel-
son3} Rileye] 718 AMg-ste] AAATE T3
o, BiSI % BiSI: Co ©2A 9} 75+ 77 a=846
A, b=1015A, c=414A ¥ a=841A, b=1011A,
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el 793 a=871A b=1054A, c=4.19A ¥ a=
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5 243 5 AATFRE 2L EAo] AR
ShSIel| 4 a=8.527 A, b=10.14 A, c=4.089 A(JCPDS
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AAFE7E 004 A~005A HE FFadhs Holjt d4
o] ey}
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ARGt AR A Aol A 25 ZHA 013 energy
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38| 4. X-ray diffraction pattens of BiSel . Co single
crystal powder.

o] FAZ AUcH9l HEAY FFATE o A8
=A% d(ecm)eki & o optical density(OD) & %
Al3td

¥ 1. X-ray diffraction pattern data of BiSI and BiSI
: Co (2 mole%) powder

BiSI BiSI : Co hkl

20 d(a) 20 d(A)

11.450 7.720
13.699 6471 13494 6.555 (110)
17.516 5.061 17.354 5.107 020)
20.388 4.532 20.176 4.397 (120
21.000 4.230 20.800 4.270 (200)
22.753 3.904 22.585 3.933 (210)
23913 3.717 23.749 3.743 (101)
27.395 3.253 27.253 3.271 (220)
29.550 3.022 (130)
29.888 2.987 30.177 2.959 (1zn
30.608 2918 (201)
31.370 2.831 31.450 2.842 (211
32.952 2.716 32771 2.730 (310)
34.050 2.630 (311)
33.900 2.642 (230)
35.250 2.544 35.079 2.556 (040)
36.262 2475 (131
36.400 2.466 37214 2413 (23D
40.350 2.233 (430
41.751 2.161 41.571 2.170 (330)
43.750 2.067 43.642 2072 (141)
45.587 1.988 45430 1.994 (150)

46.891 1.936 46.691 1.943 (501)
48.682 1.868 (600)
48.957 1.859 411)
51.060 1.787 50.929 1.791 (260)
52.933 1.728 52.760 1.733 (312)
54.752 1.675 (161)
53.975 1.697 (061)
54.541 1.680 (360)
58.050 1.587 (550)
55.866 1.644 (611)
59.500 1.552 (640}

61050 1516 60800 1522 (720)
63116 1471 62977 1474 (370)
65837 1417 65785 1418 (080)
67.830 1380 (532)
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HF 2. X-ray diffraction pattern data of BiSel and Bi-

Sel : Co (2 mole%) powder

BiSel BiSel . Co

2 TN 20 amy Pkl
13223 6691 13286 6659  (110)
18617 4763 18648 4755
19760 4487 19762 4487  (102)
20715 4284 20767 4274  (200)
22171 4005 22228 3995  (210)
26607 3347 26676 3338  (220)
20211 3055 20170 3059  (121)
30795 2901 30827 2898  (201)
32080 2787 32143 2783 (310)
33015 2713 230)
34111 2625 33262 2693 (031)

34140 2624 (040)
35361 2536 35467 2529  (13D)
0347 2233 (240)
0421 2229 (330)
41630 2167 41606 2164 (400)
42900 2160 42962 2103 (141)
43900 2056 44144 2049  (002)
45568 1988 45575 1988  (421)
47801 1901 o1)
47891 1897  (411)
51600 1769 51678 1767  (341)
53212 1719 53231 1719 (510)
54561 1680 431)
54657 1677 (440)
57891 1591 56716 1621  (260)
58012 1588  (351)
59.320 1556 59360 155  (530)
1
(a)=2.3033(OD) (2)

2 #ZAEG10]. FFpAgE s 91k,
BiSI, BiSI: Co ¥ BiSel, BiSel : Co HAA(F)
0.72 mm) A 7% OD spectrum< z}z} 218 5%}
63 o). 29 5¢) 622 HE] YAIF energyel W
FEFATE Filz, (ahv)V2~(hv—Eg 9 A&
Axstd 19 7, 2 85 2k 29 7, 17 844
(ahv)2=091 H& 9o s F3td (DA22F
Bl energy gap¥d& & 5 itk 293KeA BiSI %
BiSI : Co 2 A 2] energy gap& 7H7} 1.59 eV, 1.50

PFAFE3A, A 19 A28, 1992
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8] 5. Optical density spectrum of BiSI and BiSI : Co
single crystals.
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3% 6. Optical density spectrum of BiSel and BiSel
. Co single crystals.

eV Fo]z|n, BiSel ¥ BiSel : Co @A 2] 7%=
7z} 1.28 eV, 1.25eVE Fo{xIc}. BiSI ¥ BiSel &
AR A Eg #h-& etdAH 319 AF}e} v]ws X
el3g 3dE o 5 sl2v), BiSI: Co ¥ BiSel : Co
DA Eggte o3t AN gEd of
7y zraska gl

3.3 Cobait &7}l wWe Eggtel Zad4
BiSI % BiSel @2 Ao Cobalts EE2 et
7%, A7IRE Cobalt®] 3] Z7}3% energy gap®]
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4.0 o
0-0 BiSl /
®-@ BiSI: Co o
(I mole %) I
S O 293k
£ /
g’ Eg-I.SOeV ’O
- 20— o
: /
3 Eq™ 159 eV
< o
¥
SN /
o]
o]
I
1.4 1.5 1.6 1.7
PHOTON ENERGY (eV)

@ 7. Relation between the energy of incident pho-
tons and /ahv for BiSI and BiSI : Co single

crystals.
2.0
0-0 BiSel (o]
®-@® BiSel:Co C{
(2mole%) I
[e]
+5 I 293 K
P i
’ Ege 125 eV o
3 / E," .28 eV
- 1Op—— 7) 9
i i
z o
: d
0.5 —
0.0 I
LIS 125 135 145

PHOTON ENERGY (eVv)
718 8. Relation between the energy of incident pho-
tons and \/ahv for BiSel and BiSel : Co single
crystals.

¥ 9, 1y 103} 7o} b Al 2] 904
o} zro] w3 BiSI w4 9] energy gape 293K
o4 1.50 eVolr}, 718k Cobalt o] 0.4 mole%d
o 1550 eVE 0.04 eV 7}AEd, 1.0 mole%® Z7}
3H 1502 eVE 0.088 eV 7HA3t3, 2.0 mole%®. &
7w 1412eVE 0178 eV 7143}, BiSel w13
Aol e 23 105} 7ko] A 1k Cobalt?} 0.4 mole%,
1.0 mole%, 2.0mole%® 718 w, 43§ BiSel
A A 4] 1.281 eV energy gapel 7tz 1.278 eV,
1.264 eV, 1.249eVE Foix|v], #7}3F Cobaltafo)
Z714 w9 0.008 eV, 0.017 eV, 0032eV 74} o]
2k d4e H71gE Cobalt E4Ee) vk=A2] band
FE2E o] Fw Fkh vlE fel, v|wA X} Fol
£ acceptor FHE 95, ©] acceptor 49 &
vkl o] 27} M2 gtoeg FolA ), acceptor F9] 2
AA7} B energy® Wold AECR oj7|gowy
el e dAao g Adsiw gloil11], oleidr A
He AYEAR el oA P dHe, o
22 o]EAQ A7t SwA Helof ¥ Ffeoloh

3.4. Energy gap® 2T oj&EAN
Age €52 10KoA e 300K7HA] §-=#)

< 1625
2
(_/J)' BiSI:Coy SINGLE CRYSTALS
2 s7s [—
n
&
O
W sz —
o
Z
0
°><
O 475 —
0
m
&
1425 |—
Y
3
ey I I I A S
;. 00 04 08 12 16 20
el MOLE PERCENT OF COBALT, (X)

& 9. Energy band gaps of BiSI : Co single crystals
with increasing cobalt.
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2| 10. Energy band gaps of BiSel : Co single crys-
tals with increasing cobalt.

zw4, BiSI, BiSI: Co, BiSel % BiSel : Co @3
He) FEF S4E 2Wehx, o] FRPAEYE B
813 energy gape $AF3L, energy gapdl SE9
24 73 23 11, 29 129 2} 29 11, 29
1209] HAe wEA energy gapsl SEJEA4el
da] 20|¥ )& Varshni ¥H32[12]

a T?

B+T

Eg(T) =Eg(0) — 3
o2 A9 HAdelr}h o374 Eg(T)& TKeA en-
ergy gap®l zteln], Eg(0)+= 04 energy gap9
o)z, T AdLE, a9 B Agelth

¥ 119 (A) 2HE £4% BiSI ©2A 9] ener-
gy gape] £X &AL Varshni W42 {131
381 ¢ 4 sk A4714 Eg(0)=1.826eV,
a=1352X1073%V/K, p=191.1K= FjAc} (B)=
CobaltZ 1mole% A7}§ 7%=, Eg(0)=1.783 eV,
a=1723X10"%V/K, p=3225K=2 Fz| 1, (O)=
CobaltE 2mole% H7}3+ 7%=, Eg(0)=1649¢V,
a=3.684X10"%V/K, B=1000.7 K& Foj7Alt}.

=3 Fv] e 4L 5% BiSI ©2A S A,
87K, 230 Kol energy gapell 2X.21&42] Ay A4

2138 x], A 1Y A 2E, 1992

1.9
(a) BiSt
(8) BiSl:Co (Imole?%)
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18 '299.1' l;SK
S
2 (8) q.:'o
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20, | ok ",
o ° | s 230K
g 17 e o‘6 l
08,
5 e 102 K "o “‘
% °000 e | o% %‘\
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5 s ...9\00 %‘ZEOK ﬂ.‘
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1.8 f— . LY
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TEMPERATURE (K)
8 11. Variation of energy gap as a function of tem-
perature for BiSI and BiSI : Co single crys-
tals.

71¢7)7} Hgsn, 115k A energy gap] Ed%
Gump) #Are] Jeltz ik CobaltE 1mole%
A7 A 85K, 230KellA 71e7] w3
110 Kol A B¢ d4de] veltba 9lont, 2 mole%
A7 A 12K, 220KeA 7187 #H3dR
gbe] vjehtz gtk Ao A3 BiSI A3
$AEd Lx YA ZHE T3 1A} o] Hol
115Ko)9, B4E2 CobaltE 1mole% @ 1E o 1
2} Aol He 110KZ o] ¥ =, 2mole% H7HE
79 13} o] Ho] 102KE o]5=HE £ o7
groupe] A¥ZAFH[13] @ BiSI @2AANA 13 4
Aeo] 2x7} 115K, 22k AHHe] =7} 233Kelx,
Curie-Weiss &%} 88 K3J-& %3l Pikka 59 €
TAR2]e} vlws B 23 11(A)¢] £4% BiSl
A2 3¢ 87Ke 71&7] WAL Curie-Weiss
2w A7} e Ao AHI, 115K 245
e 1x AAoldl &% dAteln], 230K 7]&7]
W3pge 23 Aol o3 Jehdrln £ 5 Qi

Cobalt® ¥4E2 1mole% H71E o Curie-
Weiss €4 71915+ BiSI ©2A A 87K 7]
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1.6
(A) BiSel
(B) BiSe!: Co(2mole %)
~ (a)
z 1.5 °"
N I 2 SY
g . ‘a '
. °
% %
5 14— Q o
hid ° °
] 9, «
'
& . %
‘T'\o °
-J .Q .’
S 129 K e, °
£ 13— - .‘%
Q. L3 e
(e} ..
™
.l
e L l
0 100 200 300

TEMPERATURE (K)
2% 12. Variation of energy gap as a function of tem-
perature for BiSel and BiSel : Co single cry-
stals.

£7] W@Ao] 85K W3l=n, 2mole?% H7}8H
A9t 13k AAeld] 7)qls= 115Ke %
2. 718 Cobalt o] 1mole%d W 110KE o]
E5u), 2 mole% 2 371§ Cobalt o] Z71% o 102
Ko Aerg olexc) 23 AAeld 7]alsle 230
K9 7)¢7] W33 Cobalt E48E 1mole® #
74 W WEyl glod, 2mole?% H7H wie 220
K& o]%3c}. Cobaltd: BLEE H/E o e
E olzigt #Ae Co-doped BaTiO, s+Z24[14]17%
BaTiO; : Co ceramic[15]ell41 713 CobaltZo]
Z71g W AbHe]l Aol zhadhe A fApst
o}

%44 BiSel ©2A 9 A9+ 1§ 12414 BoF
A 7o), energy gap®] 2EEAL ALFlAE
Eg(0)=1.502 eV, 0=8.968X10"*eV/K, p=37.1 K&
Zo|x|n], B Eg(0)=1439eV, a=2491
X10~%V/K, p=1135 K2 Fo]3lc}. CobaltE 37}t
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