Chinese Physical Society

M!l ﬂ Acta Physica Sinica

. Institute of Physics, CAS

Ge-As-S i RIIBRI A 5 14 I
W TRaA kA Wiy XK BHRF ARt BHEF
Tailoring structure and property of Ge-As-S chalcogenide glass

Yang Yan Chen Yun-Xiang Liu Yong-Hua RuiYang Cao Feng-Yan Yang An-Ping Zu Cheng-Kui
Yang Zhi-Yong

5| {8 & Citation: Acta Physica Sinica, 65, 127801 (2016) DOI: 10.7498/aps.65.127801
7 2% %1% View online:  http://dx.doi.org/10.7498/aps.65.127801
2114 7% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/112

el /\ﬂiﬁqgﬁiﬂ

Artlcles you may be interested in

4V BV GdTaO, fi ik 3T i
Measurement of refractive indices of GdTaO, crystal by the auto-collimation method
Y% 4.2016, 65(8): 087801  http://dx.doi.org/10.7498/aps.65.087801

T 2 s I A7 A 10 o ) T ) O R R PR BT AT

Polarized properties of typical surface types over China based on the multi-angular polarized remote
sensing measurements

YR 22 %2015, 64(22): 227801 http://dx.doi.org/10.7498/aps.64.227801

Ba(Mg;/3Nby3)03 FL 745K 55 — 1k SR B THERL SO A M BE T 7T
First-principle study of electronic structure and optical properties of Ba(Mg; ;sNb,/3)O3
YH 24,2015, 64(21): 217801  http://dx.doi.org/10.7498/aps.64.217801

B FOAEAL S I — 486 7@ 4 Dirac s sEEl

Photonic Dirac point realized in two dimensional annular photonic crystals
PP 2EH%.2015, 64(14): 147802  http://dx.doi.org/10.7498/aps.64.147802

BT TG A S5 S R AR TR B T AR B AR ) BT 5 1 %

Design and fabrication of a broadband metamaterial absorber based on a dielectric and magnetic hybrid
substrate

Y 4.2015, 64(7): 077801 http://dx.doi.org/10.7498/aps.64.077801


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.127801
http://dx.doi.org/10.7498/aps.65.127801
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I12
http://wulixb.iphy.ac.cn/CN/abstract/abstract67077.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67077.shtml
http://dx.doi.org/10.7498/aps.65.087801
http://wulixb.iphy.ac.cn/CN/abstract/abstract65723.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65723.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65723.shtml
http://dx.doi.org/10.7498/aps.64.227801
http://wulixb.iphy.ac.cn/CN/abstract/abstract65628.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65628.shtml
http://dx.doi.org/10.7498/aps.64.217801
http://wulixb.iphy.ac.cn/CN/abstract/abstract64688.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64688.shtml
http://dx.doi.org/10.7498/aps.64.147802
http://wulixb.iphy.ac.cn/CN/abstract/abstract63713.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63713.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63713.shtml
http://dx.doi.org/10.7498/aps.64.077801

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 12 (2016) 127801

Ge-As-STRARWIBAI LT S MEREE"

wt) By

Gl

x| 7 422

waY ERERD P
HE B

1) (ILIIMER A S H 7 TRE2E 0, YL SO AR S SR B RS0 =, 4R 221116)
2) (th EEFA AR FCRRE, JEst 100024)

(2016 4£ 2 A 25 HYEl; 2016 4E 4 A 5 HIKRIER )

il & 7 R BB A ARG 2 LR AE (1 Ge-As-S B R BEES, JEWF 70 T BEHS 10 45 M. 47 S R 2
Bl (Eg). Ge-As-S BEHS B A LA [GeSa) VU TH 14 F1 [AsSs] = 1 HE Ay 42 45 1) 58 0 A T A T B 1Y) 34 22 ) 4% &
¥, H St ER, gi#h H LS HE Ss 3 2 SR, 458 T il AsaSa/AsaSs 7 F, R HIKE As-
As/Ge-Ge [F] H 5. B0 R AE 210 pm 9% B 1 BE R 47T 51 FE 43 5N Rge = 9.83—10.42 cm® /mol,
Ras = 11.7211.87 cm® /mol #1 Ry = 7.78 —7.86 cm®/mol. Ge-As-S B3 (47T 5 % 5 %5 1 M4 R T 25 1) B8

IRAIT 58 P 22 1) A7 A B0 F) 5 D

, AR 1% B
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T RS 5T AE T B R 3 3 45 R X Ge-
As-S B I ) n M1 Eg (1) 52 i, ] 2% 1 DU 44 3% 35
1) Geg.1As:S0.9-2, = 0.1, 0.2, 0.28, 0.31, 0.35;
2) Ge,Aso1S0.0—z, « = 0.05, 0.1, 0.15, 0.2, 0.25,
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0.3, 0.35; 3) GepAsg2S0.8—e, © = 0.1, 0.15, 0.167,
0.2, 0.25, 0.3; 4) GeyAs,S1 2., = 0.1, 0.15,
0.182, 0.2, 0.25. AP EA X A BFEMILZE
FCELASE, HAE T SA L AR LA S i &
(RIZEL RS, ] X A 3 1o B A i (R AR R

BB 1) ) 46 SR FH L5 A28 il - AR A B R (10150
46 JFURE )94l 4 5N ) Ge, 6N I As F1S. 156G, %
As 7£320 °C EH A5 A0FE 1 h DUR AT g b L 2R 1 1)
AALYD I B S 3 A THAE B IR LR AT RE DD 3
TR CAHZ . A5, ¥R Gey TAL LY As
IS EAKFNE W E/NT 0.1 ppm (T EH PR ED
FeNNAR N 15 mm PR FR S 985 sy A e
MAESFENL x 1073 PatftHAEGH 2. 25,
W3 FR A S RN E P, ZB RS
800850 °C IR 12 h PA_ B JFRI 784 Je . i
J&, B IS R A T TR K R B, IR A B
B R E BT Ge-As-S 3 1 7 L3¢ 195 40 % A0 U P B
UTIR K 3 h LAFR /W BR BB v (1 . .

2.2 HRFTIE

M BWTek BWS415 i 2 't 1 45 I X 3¢ 3% 7
65—1000 cm ™! YE R 261, Ik HEERL N
3 em™, BORIEK A 785 nm. K B 3K fE HE K
IR d, BT RFRIREE 0.1 mg. Bhd
N 5.765 g/cm? 5 5 Ge X B 38 1) d AT R HE, d
FR I R 22 298 40.005 g/cm®. K J.A. Wool-
lam IR-VASE ZL4Mi i A0 & B354 2—12 pm 1)
n, ATHFESN ¢15 mm x 3—4 mm B 6 3% 3
. MRS, K 34 (glowbar) &S 04T 7k B
J5 228 i A% N SR B RE R T, R SO OB IUEE TR &
Kiff#s T A LLAMENZE (deuterated tri-glycine sul-
fate, DTGS), AT RAF SR 't ) 4% 73 5 HR i bE
ARG R AL 22 O {5 8, AR5 R L TR R &
B 15 (4 5% & 1 Sellmeier #5078 017 %o H 4 33k 4740
&, BN BIEEAFBA M n. NI A 17
R, RSEHIARNL 2 R AR R A, W e 3 BB %
FR UL 5 R, DR O 32 438 N S0 B 38 A5 o 1) A 17
WrRe . AFERIE =) B n &R ZEZY
N £0.0005. FEIGI Ey B3O K 178 & 5 6 1%
(diffuse reflectance spectrum, DRS) K15, #4Hid
FEFNZ VLA BV I 3.3 15 F F B Bt SR ot 5
[¥] Ge-As-S B IL 1000 H ARHES, K 38451 R~
/AINT 15 pm PR R R B e T DRS UL ik G

% PbS #143 Bk ) Perkin-Elmer Lambda 950 7366

FETHINTE DRS, Jeil 0 #E8 1 nm. BRI 1L
HiRIE AT

3 BR 5%
3.1 NEXIESENSH

Ge-As-S B3 1) F7 2 6 B 1 prs, Jei gl
Gy R =, Al NG ERC R (B (), S
& (K1 (b)) FISA B3 (B 1(c). &AL
T A 2 1 O B AL S &G EG 0 E 4 #(dS)
ITHRIE, Bh GegAsySa_y_y) B, FRTHEITIE N
dS=(1—-2—y)—2r—15y=1—-3x—25y. N
T BR IR G R, Xof SEDOG TS AT T3
8% R I R P BR AL B O8] R 145 T H o6
fr U IH)E.

#1 Ge-As-SPIHT R ZMEHIT)E
Table 1. Peak assignments of Raman shifts in Ge-As-S

glasses.
F2A /em 1 PR3N AR SCHR
342, 365, 425 [GeSy /o] VUi [15,19]
335, 378 AsSg /0 = (15,20, 21]
492 BiS [15,22]
151, 218, 472 Sg ¥ [15,23,24]
184, 215, 220 AsySy T [14, 20]
202, 221, 272 As4Ss F [14, 20, 25]
225 T As—As BIE T 20, 26]
250 T Ge—Ge B A BIT [14, 26]

xFF b B bR B R, LR 2ok
(B 1 (a)) 1 R —1~280—450 cm ™! [ SE IR BN,
U J8 T [GeS.] VY i 4 A1 [AsSs] = 1 4 145 0 4R 50
(WF1)., TS EEMPH, HUSTES 20%
i, BR280—450 em~! E 4R 3wy b, HA 2ok
(Bl 1 (b)) B A7 AE — AL T 492 em ™t B I 7 /)
Peahwr, 58S HE M RFAE IR BN AH — 3, kR S
T B R R Bk N TR B ES; T S & < 30% 1
B, B 280—450 cm~ T ARSI H A 492 em L I
/RS A1, Hodr 2 6 (K1 (b)) HHEL T 151,
218 F1472 em ™! =AMRREHIIRENIE, EA1H)ET
Ss FRHVRHIEIRS), Foo BEBE S i B R ) 3G i 2
0. XTF SARMBERS, MdS > —17.5% i, K
i (K1 (c)) P BT 184, 202, 220 1272 cm ™!
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HFZNERBUMIRBNUE, E A1 AsySa/AsyS3 5
FHRRESRZ A — 8 4dS < —25% B, AsySy
F AsyS3 7 T HIRFAE 3R B W3 2%, R B ) Bl — A
190270 em~! SEIRENHE, KT As—As/Ge—Ce
BMIRBN. ERSITERY, Ge-As-SHIEHE A LA
[GeS.) VY [ 44 A1 [AsS3] = ff HE R 42 45 ¥4 5 T Al
TR B I 22 W 4% 25 4, 7R B A s &

T bb 3% 35 1, [GeS4]) VY T A4 1 [AsS5) = ff #E i
M SiER:, S5 LRI, %S /&l B
(dS < 20%), S5t P B S, 24 S W3 L B
(dS > 30%), 4ty i Ss ¥y 2 S EA Y
(dS > —17.5%), BFE 5 T B AsySa/AsySs 43T,
LS EA LR (dS < —25%), B H K E
As—As/Ge—Ge [FI Tl 4.
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Fig. 1. (color online) Raman spectra of Ge-As-S glasses: (a) Stoichiometric; (b) S-rich; (c) S-deficient.

3.2 IrHE

FKoOREIHE T T Ge-As-S BIEHI d A1 Z AN
KWin. dBE S-S & 18G4 1 9 0,
K2 (a) TR, X5 S B /T Ge F As [ B R i
A K. USEHEEEERN, Ge & E m I Ak
FREIBARH d, X5 [GeSy) VU TH 74 5 25 5 1 T
TSGR 0. n KA b 5 R ) 38 i 36 K, {2
EAZ AR SR 2 (WL 2 (b)).

PRI n 5 d 2 (B ORI R ROt 2 AR
e, A2 AR R R & P

2
n°—1 Mmol
ZPM@':KXFQ_’_QX 7

(1)

Ferb, @y A py 735 O RO IR W BE 2R F 73 BRI A
H KN WG Mo WBIEREERFE. (1)K

WATHR RN
n?—1
E. Ril‘i = 7’”2 T 2

:/H\:EP, Rz = pz/K, yg}gﬁ%ﬁ%ﬂ‘ﬁy Vmol = Mmol/d7
BRI, B PEETER A R 0, WA d i
SR BT n:

X Vmola (2)

2 Z R;x; + Vinol
Vinol — Z Rix;

P (2) XA Ge-As-S BLHG IS d A, 8IS B /)N
TREM A B R T Ge, AsHIS T &K I BE R I 4
FE (W3 4), 3N Rge = 9.83—10.42 cm?/mol,
Rps = 11.72—11.87 cm?®/mol Ml Ry = 7.78—
7.86 cm?/mol.
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Ri Uh As, Ge, S BN i o, FLBER K 1)
WO KT, 3543515 % 62 WAL B R
55 R A O LR A — B0 S T 1A 8 P A
RFN R ARSI 450 ATRERE, ST (3)

THE TR BIEA n IR TR 2 MR 3 L 58
AL, tHRE R =20 T 1%, RRIIBIER n
RE S AR 2 T & 1 Ry MBI d #EAT BLAER I
.

K2 Ge-As-SPIEHIEL (d) 6 (Bg) £ 2 A 4 pum ST 2 (nmea ) s THEITI R (nea) LMW (6)

Table 2. Densities (d), optical bandgaps (Eg), measured (nmea) and calculated (nca1) refractive indices at 2

and 4 pm, and the deviations (§) of n¢a) from nmea for Ge-As-S glasses.

2 um PACHT IR

4 pm B AT =

EE N dS/% d/g-em™2 Eg/eV
Mmea Necal 6/% M mea Necal 6/%
Gep.1A80.150.8 45 2.516 2.72 2.1039 2.0947 —0.44 2.0920 2.0871 —0.24
Gep.1As80.250.7 20 2.816 2.61 2.2207 2.2019 —0.85 2.2019 2.1923 —0.43
Geo.1A80.2850.62 0 3.065 2.51 2.2967 2.3000 0.14 2.2873 2.2885 0.05
Geo.1A80.3150.59 —7.5 3.096 2.44 2.2841 2.2924 0.36 2.2715 2.2808 0.41
Gep.1A80.3550.55 —-17.5 3.145 2.46 — — — — — —
Geo.05A50.150.85 60 2.374 2.72 2.0631 2.0583 —0.23 2.0613 2.0532 —0.40
Geo.15A50.150.75 30 2.646 2.70 2.1186 2.1234  0.22 2.1056 2.1131 0.36
Gep.2As0.150.7 15 2.785 2.71 2.1465 2.1586  0.56 2.1365 2.1456  0.43
Geo.25A50.150.65 0 2.882 2.79 2.1454 2.1664 0.98 2.1389 2.1510 0.56
Geo.3A50.150.6 —15 2.986 2.50 2.1762 2.1798  0.17 2.1637 2.1619 —0.08
Gep.35A80.150.55 —30 3.195 2.37 2.2868 2.2645 —0.97 2.2509 2.2409 —0.45
Geo.15A50.250.65 5 2.956 2.61 2.2375 2.2395 0.09 2.225 2.2269 0.09
Gep.167A50.250.633 0 2.978 2.59 2.2334 2.2344  0.04 2.2200 2.2211  0.05
Gep.2As80.250.6 —10 2.981 2.54 2.1866 2.1986  0.55 2.1715 2.1844  0.59
Geo.25A50.250.55 —25 3.135 2.35 2.2414 2.2466  0.23 2.227  2.2291  0.10
Geo.3As0.250.5 —40 3.328 2.23 2.3328 2.3227 —0.43 2.316 2.3009 —0.65
Gep.15A80.1550.7 17.5 2.806 2.65 2.1807 2.1838 0.14 2.1695 2.1724 0.14
Geg.182A50.18250.636 0 2.965 2.61 2.2209 2.2247 0.17 2.20564 2.2110 0.25
Geo.25A80.2550.5 —37.5 3.318 2.12 2.3243 2.3285 0.18 2.306 2.3089 0.13
T T T T T T T 2'40 T T T T T T
34F (e — _ P
(a) y=4.614—2.613 x 235 ) 0
32t 1w oanl ]
: . g 20 “ .
= 30f o 1 7 22t o -
é E 2.20 ¢ ? E
z 2.8 g é - ° Y
2 ¢ 215f P ]
5 2.6 B °
2.10 (] B
24+ E
205 ® 1
2.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 2.4 2.6 2.8 3.0 3.2 3.4

K2  Ge-As-S BIETH S Ha] 1<k

Sulfur concentration

Density/g-cm =3

(a) TEAS HREIFIIILMER R, (b) PN REEHEERM

Fig. 2. Correlations between parameters of Ge-As-S glasses: (a) A linear plot of density vs S concentration;

(b) the variation of refractive index with density.
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#3  Ge-As-S BIHAE 6, 8 M1 10 pm HISLIITH . (nmea ) HHEITH T (near) LEMZE (5)
Table 3. Measured (nmea) and calculated (nca)) refractive indices at 6, 8 and 10 pm, and the deviations (9)

of Ny from nmea for Ge-As-S glasses.

PREEEL K 6 pm PACHTH R 8 pum WA A 10 pm PRI 2
Nmea Neal 5/% Nmea Necal 8/% Nmea Neal /%
Geo.1As0.150.8 2.0874 2.0815 —0.28 2.0826 2.0755 —0.34 2.0763 2.0672 —0.44
Gep.1As80.250.7 2.1950 2.1861 —0.40 2.1881 2.1793 —0.40 2.179 2.1699 —0.42
Gep.1As80.2850.62 2.2797  2.2817 0.09 2.2694 2.2741 0.21 2.2553 2.2636 0.37
Geo.1A80.3150.59 2.2644 2.2742 0.43 2.2558 2.2666 0.48 2.2443  2.2563 0.54
Geo.05A50.150.85 2.0591 2.0485 —0.51 2.056 2.0436 —0.60 2.0515 2.0366 —0.73
Gep.15A80.150.75 2.0991 2.1066  0.36 2.0917 2.0996  0.38 2.082 2.0899 0.38
Geg.2As0.150.7 2.1295 2.1380 0.40 2.1204 2.1298 0.44 2.1079 2.1187 0.51
Geo.25A50.150.65 2.1300 2.1426 0.59 2.1171  2.1335 0.77 2.0993 2.1200 0.99
Gep.3A80.150.6 2.1548 2.1527 —0.10 2.1434 2.1426 —0.04 2.128  2.1294 0.07
Geo.35A50.150.55 2.2392 2.2298 —0.42 2.2281 2.2178 —0.46 2.214  2.2021 —-0.54
Geo.15A50.250.65 2.2174 2.2196 0.10 2.2077 2.2115 0.17 2.1944  2.2006 0.28
Geo.167A30.250.633 2212 2.2135 0.07 2.2022  2.2052 0.14 2.1888 2.1940 0.24
Geo.2A50.250.6 2.1641 2.1767  0.58 2.1554 2.1682  0.59 2.1437 2.1569  0.61
Geo.25A50.250.55 2.2196 2.2202 0.03 2.2106 2.2103 —0.01 2.1984 2.1973 —0.05
Gep.3A80.250.5 2.3080 2.2902 —-0.77 2.2985 2.2785 —0.87 2.2858 2.2631 —0.99
Geo.15A80.1550.7 2.1629 2.1655 0.12 2.1546  2.1579 0.15 2.1433 2.1476 0.20
Geo.182A80.18250.636 2.1972  2.2032 0.27 2.1873 2.1947 0.34 2.1738 2.1833 0.44
Gep.25A80.2550.5 2.2981 2.2992 0.05 2.2892 2.2884 —0.04 22775 22741 —-0.15

#4 Ge-As-SHiFEH Ge, As 1S B IRHT 5 B
Table 4. Molar refractivity of Ge, As and S in Ge-As-

R, o h6 TR m 2 T BR AR A
7n:ﬁmm%%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

e glasses BRI, AR 7EJE S AR B P ERE

m Bee o Ba o Bs I B SRV BT, IR BLIE B = 1/2

fum JemTamol jemTmol _Jem no RIS B I (Taue i X)), 4 (hwa)V/? vs.
e e T 28 0 2 30555 A 8 () /2 = O R REE 3
4 10.18 11.81 7.85
6 10.08 1179 7.83 TRENNE, EAEEME, K Taue 77 £
8 9.97 11.76 7.81 IEEg Hﬂ‘, ﬁ*%(ﬂﬂaﬁﬁill.fgﬁél/l\ﬁgéﬁut,
10 9.83 11.72 778 Bl o {5 KA AL B2 10 cm ! LA B8 X e A

A 21 T 0 5 B, O 20T i 26, % F— A
s ,,244*

3.3

BHE ) Eg 3% BB R I () IR B R —{E I

(— BN 10 510% em™

1) SR 1 O 7 R 2S00,

1 mmEE‘JfBZI%ﬁ*—u% 43 66 BETH A BRI AR B — i
Na <100 em™t. N T IR EB KK o, FEaE
JEREETR /T 10 pmy, [RIbG— R A A S AT 2R 47

SR T 7T B, TR B0 B, s o AT R SUITARR AL MO0 R B A
s S, BRI 50 A 51 155 R o T AR5
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Abstract

Chalcogenide glass has been considered to be a promising optical material for infrared (IR) transmission and non-
linear optics because of its favorable physical properties such as wide IR transparent windows, high linear and nonlinear
refractive indices, and tunable photosensitivity. In many optical designs and practical applications, the refractive index
(n) and optical bandgap (Fg) are two important parameters. Aiming to evaluate the composition dependence of the n
and E, in Ge-As-S chalcogenide glasses, a series of glasses with different stoichiometric characteristics are synthesized
in quartz tubes under vacuum by the melt quenching technique. The structure, n and E; of the glass are investigated
by Raman spectroscopy, ellipsometry, and diffused reflectance spectroscopy, respectively.

To eliminate thermal effects on the measured Raman spectra, the data are corrected by the Bose-Einstein thermal
factor. Raman spectrum analyses indicate that Ge-As-S glass has a continuous network structure with interconnected
[GeS4] tetrahedra and [AsSs3] pyramids forming the backbone. When S amount is excess, S chains or Sg rings emerge.
When S amount is deficient, AssSs/As4S3 molecules are formed, and even a large number of As-As/Ge-Ge homopolar
bonds appear in the structure. The n values at different wavelengths are obtained by fitting the ellipsometry data with
the Sellmeier dispersion model. The values of molar refractivity (R;) of Ge, As and S elements are evaluated by using
the measured n and density (d) of the investigated glass. The optimal values of R; at 2-10 pm for each element are
Rge = 9.83-10.42 cm®/mol, Ras = 11.72-11.87 cm®/mol, and Rg = 7.78-7.86 cm®/mol, respectively; and the values
decrease with increasing wavelength. The n of Ge-As-S glass is well quantitatively correlated to the d and the R; of
constituent elements, so that its value can be predicted or tailored within 1% deviation. A method to determine reliable
E; of a glass is proposed based on diffuse reflectance spectrum (DRS) of glass powders. To determine E, of a glass, the
absorption coefficient () is required to be as low as ~ 10* em™!. For a 1-mm-thick bulk glass, the detection limit of a
spectrophotometer is typically o < 100 cm™!. To obtain a reasonable E,, the sample thickness used for the measurement
must be less than 10 um. Such a thin glass sample is difficult to prepare. In comparison, DRS of glass powers measured

using a spectrophotometer is able to provide valid absorption data in a 10* cm™!

range required for F,; determination.
In this proposed method, the Kubelka-Munk function F'(R), which is proportional to « of the glass, is calculated from
the measured DRS on the glass powders. The F(R) is calibrated by using the DRS of a glass (e.g. As2S3) with a known
E;. Using the same F(R) absorbance value, E; of the Ge-As-S glass is determined based on DRS of powders measured
under the same condition. The Ey of Ge-As-S glass is broadly correlated to the average bond energy of the glass. The

glass containing more S atoms tends to show a higher average bond energy, and therefore exhibits a larger E;.

Keywords: optical materials, chalcogenide glasses, Raman spectroscopy, refractive index
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