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Fig. 1. Schematic of the structure of a thin film coated on a

transparent silica glass substrate.
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Table 1. Six models of refractive index.
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Fig. 2. Transmittance curve of Si-H thin film on finite glass

substrate.
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F 2 K 2 BRI N, Ty A1 T, BB LS GE 3 95 1Y Swanepoel 5N n F d H
Table 2. Values of A, Ty, and T}, obtained in Fig. 2 and the values of n and d calculated by the improved Swanepoel method.

A Ty Tw n d Mo m Ty dy
972.4 0.9202 0.5007 29173 6.001 6.0 2.9169 1000.0
911.2 0.9199 0.4904 2.9613 6.501 6.5 2.9611 1000.0
859.0 0.9193 0.4801 3.0066 1000.0 7.002 7.0 3.0062 1000.0
814.1 0.9183 0.4697 3.0527 1000.4 7.501 7.5 3.0526 1000.1
774.9 0.9165 0.4591 3.0996 1000.1 8.002 8.0 3.0993 1000.0
740.5 0.9134 0.4485 3.1471 999.5 8.502 8.5 3.1468 1000.0
710.0 0.9080 0.4376 3.1951 999.7 9.002 9.0 3.1947 1000.0
682.8 0.8984 0.4260 3.2435 999.4 9.502 9.5 3.2430 999.9
658.4 0.8818 0.4132 3.2921 1000.2 10.002 10.0 3.2917 1000.0
636.3 0.8530 0.3982 3.3410 999.3 10.503 10.5 3.3402 999.9
616.3 0.8050 0.3796 3.3898 999.6 11.003 11.0 3.3893 999.9
598.1 0.7252 0.3546 3.4335 1020.4 11.483 11.5 3.4387 1001.6
581.3 0.6127 0.3191 3.4878 1000.6 12.002 12.0 3.4874 1000.0
565.9 0.4595 0.2678 3.5368 981.9 12.502 12.5 3.5365 1000.0
551.7 0.2879 0.1965 3.5856 1001.6 13.001 13.0 3.5857 1000.1

H: d =1000.2; 01 = 7.58; dop = 1000.1; 09 = 0.40 .
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Fig. 3. Comparison of refractive index and dispersion of thin film obtained by six different models.
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Fig. 4. Relation between the refractive index and the dispersion obtained by six dispersion models (include MCM) and the true
value as a function of wavelength: (a) An vs. wavelength; (b) AD vs. wavelength.
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Fig. 5. Comparison of five filtering methods to reduce noise: (a) Adjacent averaging method; (b) Savitaky-Golay method; (c) per-
centile filter method; (d) FFT filter method; (e) piecewise fitting method.
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914 1200.0 F11400.0 nm.

AMHTAIRR, BRBIT42 3. 111 (8) 11 (9) $oR#% 500

H DX I T AR B 2 PR AT S RS, 2500 nm P AFTHRFEEIZ, W 7 B,
A AR AL A AT B A IR AT SR T R AN AT S R 2 R A S 1 A A AL R A A

NGe20 = 2.3234 + )\2

4.7593 x 10* n 3.0409 x 10'°

R, Ge B THIMALRE T Se B TRIMALE,

3 e BT S BT S E TR

NGeog = 2.4467 + 2

6.3766 x 10*  3.1509 x 10!°
+ e . (9)

T i ELAE Sb 5 R AR [ 2 B, B Ge 7 i
SETN, R R e/ SR SN, e/ ME H BRAE 58
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3 Z ARG A PIAIE Z BR AR i AR

Table 3. Refractive index at multiple wavelengths of two thin films obtained by MCM.

. GeZOSbmSe%%Hﬁ GeszbnseGn?%Hﬁ
K /nm
Texp TM m n Texp TM m n

600 0.2449 0.2682 8.7331 2.6902 0.0009 0.0253 13.3793 2.8670
620 0.3463 0.4036 8.0131 2.6530 0.0417 0.0726 12.7620 2.8259
640 0.4987 0.5496 7.4160 2.6208 0.1107 0.0957 12.2073 2.7902
660 0.4749 0.6845 6.9106 2.5929 0.2449 0.2519 11.7057 2.7592
680 0.7724 0.7891 6.4760 2.5685 0.2914 0.3957 11.2495 2.7320
700 0.6566 0.8552 6.0972 2.5472 0.5222 0.5266 11.0259 2.7081
750 0.9088 0.9096 5.7634 2.5041 0.7469 0.7853 10.1068 2.6597
800 0.6160 0.9219 5.4665 2.4720 0.6155 0.9123 9.3455 2.6233
900 0.6199 0.9321 4.9602 2.4285 0.8667 0.9681 8.1494 2.5735
1000 0.7666 0.9388 4.5433 2.4014 0.7547 0.9735 7.2448 2.5420
1100 0.8085 0.9429 4.1932 2.3835 0.6124 0.9773 6.5316 2.5210
1200 0.7580 0.9455 3.8945 2.3711 0.9678 0.9805 5.9523 2.5062
1300 0.6850 0.9472 3.6364 2.3622 0.6186 0.9813 5.4709 2.4955
1400 0.9418 0.9480 3.4109 2.3556 0.9556 0.9806 5.0638 2.4875
1500 0.7814 0.9482 3.2121 2.3506 0.7282 0.9801 4.7145 2.4813
1600 0.6521 0.9479 3.0356 2.3466 0.6430 0.9800 4.4112 2.4765
1700 0.7244 0.9474 2.8776 2.3435 0.8853 0.9800 4.1452 2.4726
1800 0.8914 0.9470 3.1213 2.3410 0.9383 0.9801 3.9099 2.4694
1900 0.9384 0.9470 2.9544 2.3389 0.7164 0.9801 3.7002 2.4668
2000 0.8249 0.9476 2.8046 2.3372 0.6282 0.9800 3.5121 2.4647
2100 0.7121 0.9491 2.6694 2.3358 0.6868 0.9800 3.2838 2.4628
2200 0.6614 0.9518 2.5468 2.3345 0.8411 0.9801 3.1325 2.4613
2300 0.6679 0.9559 2.4349 2.3335 0.9705 0.9804 2.9947 2.4599
2400 0.7188 0.9617 2.3326 2.3326 0.9441 0.9809 2.8686 2.4588

7

(a) _é ol (b)
2.8 — GegpSbisSegs LE — GeypSbi5Segs

% — GeagsSbiaSeqo = — GeagsSbiaSeqo
3 & -2
4 =
2 56 =
g £ -4 Ar
g g I

8 —6

24+ = .
g 700 800 900 1000
. . . k _8 . . .
500 1000 1500 2000 2500 = 500 1000 1500 2000 2500

Wavelength/nm Wavelength/nm

Il 7 Ge-Sb-Se Wil AUHT I R AEOHL  (a) FTHREGWRKMKR; (b) OHIGH KM LR

Fig. 7. Refractive index and dispersion of Ge-Sb-Se films: (a) Refractive index vs. wavelength; (b) dispersion vs. wavelength.
AL LI 253 Gegg g3SbysSegy 17 AL P 25 AT, SR D RO R NN T
AR ZE S BT GeysSbyySeq, 19 B (1 37 5 R K T 0, FIr LASGTE P Ao e A ) 42 fi 3 32 K D8 L J
GeQOSb15se65 ﬁﬂﬁ 1%%?%%1%7 Hﬁlﬁjiﬁﬁ?%ﬁ G6208b155665 %Hﬁ

TEZOCTEEE N, PRI 3T 5t B I I P4 I BT GeygSbyaSeq AR
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4.3 WIKRHKREFERESH
B 3 H 1 n K Ty BAECA (4) X115 2

8n2s

o +(n2—1)(n2—s2)+{[

Tr =

SRIGHE o Fl dy AR & = e od tha] SRAG VRS Yy W i

a=——-: (11)

R S X A5 3] 8 BRI W SR G A T AR A5 3
R R BOC TR 2t ith 26, W1El 8(a)
Fii7n . ARYEZER, T LR E S 26 0 S =l
X s 5 W A X 48 (500760 nm) . 55 1 b 45 05 i
X3k (7601400 nm) DA SGEIA XY (> 1400 nm).

16 —
1
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=
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"
[}
0 (@) "2 §-5 §9-5- 9 9-0-99-8- 8 9-6-3-8
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Wavelength/nm
60
— GegoSbisSess
< — GegsSb12Ses
% 40f
T
g
o
s>
= 20
5
e °
by o o "
e

1.3 1I.5 I 117 1j9 I 2?1
Photo energy E/eV

Kl 8  Ge-Sb-Se WM MM W HF T (a) TRICR BT K 1Y

PSS HOR U T Ge: Gl T3 &P e itiizane S AR oyl

56T g R Z A 1 C &

Fig. 8. Absorption characteristics of Ge-Sb-Se films: (a) Ab-

sorption coefficient vs. wavelength; (b) square root of the

product of the absorption coefficient and photon energy wvs.
the photon energy in the strong absorption region.

Xt TR BRAE R E S~ SAAARE, LERDRH 35 11
DX 3 ) I AE AR ORI T RE B 22 TE) B 5% AR T 2
[34]

TauchY A5

(aB)Y? = k(E — Ej), (12)
Hrp k2 SRR 2 A R H AL EoLT
AEt, B, WO, & F o« (aB) /2 HETE Bl
AR, G A TR B AN 8(b) Frn 4l
R, I AMBIHAEE TR (aBg)Y? =125.6x
(Eg1 — 1.729);  (aEg2)'Y? =197.2 x (Eg — 1.675).
M (aB)Y? = 0ft, B, = 1.729 eV, MR K N
717.2 nm; B,y = 1.675 eV, AHMAYH K 740.3 nm.

4.4 PESHEWTH

$7 2GR YL JE 448 /A inVia B6%
P78 6% AL (Raman) U 75, #O6 W K 32 N
785 nm, M TN 0.1 mW. LS5 R 20, fir
2% A 150 180 cm !, 180 —240 cm ! I
240—300 cm ! = AN FERRAE A, WA 9 s .
1) 180—240 com* FFAEAT 1Y 203 cm ! ALH A 1§
215 cm ! 73 5l %f B TH S AAE 01 GeSey o DU I A
F ) Ge—Se 8t & 2 16 B3, 1 H 195 cm X
SbSej, = MAHELE T Sb—Se MR B4 B0, iy T
HIRsNES Ge—Se #RaEH S E—i, Sb—Se #ik
SEABEIE M ERL 2 b BoR k. 2) 240—
300 cm ' JRENAT VAT Se HEuE Se FRLE R Y
Se—Se PR BN BT, 3) 150—180 cm* & B 17 A
F Ge—Ge (£ 170 cm™!) Fil Sb—Sb (£ 160 cm ™)
)R 38, 3% 4 SR T R IR I (PR BB

BfiZE Ge & & AN, 180—240 cm ! ¥R sh 47
SREEHE R, Sl THRBN T GeSey o PUTIAZE 1y
) Ge—Se HBEECE B34 N, 1M 240—300 cm ' JR3h
WIBR A Ge & i PG NI, S&h T3
Z 1 Sh(Ge) 5 Se Wi, ZEWITHFE Se J& T, i3
Se—Se4h ¥4 ¥ oo ) Wk BEREAL . 5 — 5
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150—180 em* #igahr 4, X2 T Se &4
St Ge F1 Sb {HFESE, 1543 Se JiF 1 Ge Fl
Sb JF 4423 B i Ge—Ge 4 F1 Sb—Sb 4, Pt
150 —180 cm ! i Zh 47 9k BE 1Y K. 7 )& W] B
(Ge—Ge, Sb—Sb, Se—Se) & Ge—Sb—Se i i &

| 203 — GegoSbi5Sess

— GeggSbiaSeso

i215

Relative intensity/arb. units

160 200 240 280

Raman shift/cm~—!

Pl 9 Ge-Sb-Se My &L
Fig. 9. Raman spectrum of Ge-Sb-Se film.

% 4 Ge-Sb-Se MR & T HO R A9 PR SR
Table 4.  Vibration modes in the Raman spectrum
of Ge-Sh-Se system.

=1 dva
Jem!

160 Se,Sb-ShSe, 254 1 ) Sh—SblrlH s % 5h
170 GeySeq p AT Ge—GelRI R A4 IR 3
197 SbSey = ffHEL A H IS —SeSE AT E, Ak 3h
203 FETf GeSey oMU IH A Ge—Seff ¥V 12Uk 5h

PR

215 311 GeSe, o MU 1) Ge—Sett k3l
235 Se, A ZERI H ) Se—SeftdiR3h

256 Se, FELEFH 1) Se—Sett iR 3l

270 Ge-Ge,,Se, Z5HH B Ge—Gela] i g PR 3h
303 GeSe, VU IR F B X FRIR S

G RSETE, FEEERE Ge & 5 AR IS8/ HE N,
Hof /B Y BLAE 58 A T R L R A g
Gey.535b15Seq.17 11 1. GeysSbypSeq 1H B T 1Y
H# (Ge—Ge, Sh—Sb) H GeySbysSeqs MK 1%
R, e B

AR Z SiPE Ik RGESE T GeyoSbysSeqs
BT GeggSbioSeqy W HE 1G22 Rt RO 25 1)
i FAIH Cauchy, —rH—4k Sellmeier, = [y
I — 4k Sellmeier, — B IF #5 #E £ 2 Sellmeier,
Conrady il Herzberger 7S PR 43 #7 HL 58 T 1
Prifr RAEHOT ARG R, 25 BRI S 1y 55
FHIX B8 AT AR B 2 N R AL T 5 3, A
FHAT VYRR S 2R AR 4 I BT S 3 R L Y
22 ST PO VR S ARSI . SC S B ARAR T 3K R e
£ 500 —2500 nm 7 B 19 37 HF L 3, F) I R
T = acos () + b BLIKIEIR, PRI Tk 7
WS BIPIFMEIRAD LS Z2REH] GegsSbyaSeq
BT IR T GeggSbysSeqs W, X IEHT# 1Y
WA SRR BB R B PR B X 3T S 8 b
A ABE I/, B IO PR RR R PN ) A5 4
HRE A LT AR A L. J381, GegsSbiaSeqo
A BN 1.675 eV, /T GeggSbysSeqs 18
R 1.729 eV, P FH L Y K 23001 Sy 740.3
717.2 nm. FJ5 2SR GeggSbioSeq, T
B B 55 4 (Ge—Ge, Sb—Sb) Fi GeyySbysSegs 1
PR 2, w7 R B 5, S B/

AL PRI FREL
Table A1  Coefficients of six models.

A B c D E F
Cauchy 2.6006 2.9900 x 10° 2.4107 x 108
ZBrA—{bAriESellmeier 6.0592 1.3837 x 10° 0.5371 1.3837 x 10°
=B IH—fkAriESellmeier 111212 6.4542 x 10* 5.9297 6.4455 x 10% ~11.3546 4.9139 x 10*
T ARREE R A Sellmeier  —30.1052 36.8509 4.3322 x 10° -0.0079
Conrady 2.3534 502.8603 1.2718 x 10°
Herzberger 43450  -3.1408 x 108 1.7525 x 1012 3.0038 x 10°  9.0228 x 10
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F A2 RPN Z ] PG AR B AT 5 5 B A I 22
Table A2  Difference between refractive index obtained by using six models, MFM, and real value.

A ANgauehy Anggy Anggs Angepoge Anconrady Angerberger Anyiem
580 -0.0002 0.0018 -0.0005 -0.0003 -0.0007 -0.0050 -0.0001
600 -0.0003 -0.0107 -0.0007 -0.0005 -0.0014 0.0081 -0.0002
620 -0.0004 -0.0180 -0.0008 -0.0006 -0.0016 0.0162 -0.0002
640 -0.0004 -0.0216 -0.0007 -0.0006 -0.0015 0.0201 -0.0003
660 -0.0004 -0.0226 -0.0006 -0.0005 -0.0012 0.0207 -0.0003
680 -0.0004 -0.0218 -0.0005 -0.0005 -0.0008 0.0186 -0.0003
700 -0.0004 -0.0197 -0.0003 -0.0004 -0.0003 0.0146 -0.0003
720 -0.0004 -0.0167 -0.0002 -0.0003 0.0001 0.0091 -0.0003
740 -0.0004 -0.0131 -0.0001 -0.0003 0.0005 0.0028 -0.0003
760 -0.0004 -0.0090 0.0000 -0.0002 0.0008 -0.0038 -0.0003
780 -0.0004 -0.0047 0.0000 -0.0002 0.0010 -0.0103 -0.0003
800 -0.0004 -0.0002 0.0000 -0.0002 0.0011 -0.0160 -0.0003
820 -0.0004 0.0043 0.0000 -0.0002 0.0011 -0.0207 -0.0003
840 -0.0003 0.0089 0.0000 -0.0002 0.0009 -0.0238 -0.0003
860 -0.0003 0.0134 -0.0001 -0.0002 0.0007 -0.0249 -0.0003
880 -0.0003 0.0178 -0.0002 -0.0002 0.0004 -0.0236 -0.0003
900 -0.0003 0.0222 -0.0003 -0.0002 -0.0001 -0.0196 -0.0003
920 -0.0002 0.0264 -0.0004 -0.0003 -0.0006 -0.0123 -0.0003
940 -0.0002 0.0305 -0.0006 -0.0004 -0.0012 -0.0014 -0.0003
960 -0.0002 0.0345 -0.0007 -0.0004 -0.0019 0.0134 -0.0003

‘/T : Ancauchy = 0.0003; ONCauchy = 0.0002; Anselz = 0.0253; ONGel2 = 0.0273;
Angez = 0.0006; onge;3 = 0.0010; Anggoq: = 0.0005; 0ngeoq: = 0.0005;
AnConrady = 0.0016; OMNConrady — 0.0022; AnHerzberger = 0.0226; O TN Herzberger — 0.0225;

Anpem = 0.0002; onyvem = 0.0001.
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Abstract

Multipoint Cauchy method (MCM) is presented to investigate the refractive index and dispersion for each
of GeySby5Seqs and GeygSbi,Seq, chalcogenide thin films at any wavelength in the transmission spectrum based
on the regional approach method and Cauchy fitting. We theoretically calculate and compare the refractive
index and dispersion curves obtained by using six different models. The results show that the most accurate
results are obtained by the MCM. Two Ge—Sb—Se films are prepared by magnetron sputtering experimentally,
and transmission spectrum curves are measured by Fourier infrared spectrometer, the noise is removed by
segmental filtering and then the refractive index, dispersion, absorption coefficient, and optical band gap of the
two films ina range of 500-2500 nm are obtained by the MCM. The results show that the refractive index of
GeygSbisSeqy film is larger than that of GeynSbisSeqs film, which is caused by the higher polarizability and
density of the former. The refractive indexes of both films decrease with wavelength increasing, so the long
waves travel faster than short waves in the two films. The optical band gap of GeygSbySeg film (1.675 eV) is
smaller than that of GeyySbsSeqs film (1.729 eV), and the corresponding wavelengths of the two are 740.3 nm
and 717.2 nm. Finally, the microstructures of the two films are characterized by Raman spectra, and the
reasons why the two chalcogenide films have different optical properties are explained from the bonding

properties between the atoms.

Keywords: infrared chalcogenide film, Cauchy model, optical properties, microstructure
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