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Research Progress on the Molecular Structure of
Amorphous Chalcogen Elements
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(School of Chemistry, Key Lab of Advanced Technologies of Materials , Ministry of Education ,
Southwest Jiaotong University , Chengdu 610031, China)

Abstract Chalcogen elements (including sulfur, selenium, and tellurium) are essential substances in the nature
and have wide-range applications in photoelectric materials, batteries, semiconductors, and other fields. Chalcogen
elements have two structural forms: crystalline and amorphous. While the molecular structure of crystalline chalcogen
elements has been extensively investigated, the molecular structures of amorphous chalcogen elements remain
uncertain. To better explore the potential applications of amorphous chalcogen elements, it is necessary to study their
structure and properties. This paper summarizes recent advancements in understanding the molecular structure of
amorphous chalcogen elements and envisages potential research directions. These efforts aim to contribute to a more
comprehensive understanding of the properties of amorphous chalcogen elements and to foster their application across
diverse fields.
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Table 1 Advantages and disadvantages of common characterization methods for the determination of

amorphous substances

Common structural

characterization technique

Available structural information

Limitation

XRD

Neutron diffraction

Inelastic scattering

EM

STM

AFM

Infrared spectrum

EXAFS

NMR

XPS

MS

Raman spectrum

Crystal structure information

Neutron scattering length ; nuclear density imaging

Dynamical length scale and other information; excited

state information

Morphology information; composition analysis; local
structural analysis

Surface topological information; atomic arrangement
structure ; local charge density

Surface topological information; atomic arrangement
structure ; mechanical property

Chemical composition; molecular structure; impurity
detection

Chemical environment analysis; bond length; coordina-
tion number and configuration; oxidation states and
coordination bond energies

Chemical environment analysis; molecular configuration
and conformation; molecular dynamics; molecular scale
and shape

Element composition; chemical state; electronic
structure

Molecular mass; structural identification; isotopic
distribution

Molecular vibration information; isotope effect

Unable to resolve the amorphous structure ;
Difficulty in sample preparation
Unable to resolve the amorphous structure ;

low resolution

Complex data analysis; model fitting requirements ;
difficulty in sample preparation; low resolution
Sample damage ; limited sample thickness;
difficulty in sample preparation

High sample conductivity requirement;; strict

environmental requirements ; sample damage

Slow scanning speed; size effect of probe

Transparent sample ; complex spectrum; low reso-

lution; sensitive to sample surface and thickness

Sensitive to sample surface ; low resolution;

complex data analysis

Low sensitivity; high sample preparation require-
ments; signal overlap; complex data analysis and

simulation

Unable to obtain deep-structure information ; low
resolution

Low sensitivity and resolution ; high purity of
samples

Weak signal; fluorescent interference; unable to

obtain deep-structure information
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Fig.1 Molecular dynamics simulation diagram of the structure obtained by rapid quenching of amorphous
sulfur(A) and liquid sulfur(B)*" and the Model of S, propounded by Stillinger et al. at 362 K(C)**
(A, B) Copyright 1990, European Physical Society; (C) Copyright 1986, American Institute of Physics.
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Table 2 Main Raman shift vibrations and stretching frequencies of sulfur allotropes

12000 -

9000

6000

Raman Intensity

3000

e

>

a-Sg a-S
Raman shift/ecm™ Raman shift/cm™ Raman shift/cm™ Raman shift/cm™
472540 475141 456.31) 460141421
4367 44041 4217 425411 40714
246.6'% 24841 274216 275M411, 2851421
218.01% 220141 ca. 260, shoulder ! 26011, 26842
153.6'"] 150—160"!1

Table 3 Summary of characteristic Raman spectral peaks of amorphous chalcogen elements

Species Bond length/nm Bond angle/(*) Characteristic Raman spectral peak/cm™
a-S 0.200~0.21014"" 90~1201*" va. 46014142
a-Se 0.232~0.250"1%' >100'1% Se,: ca. 25014
Sey: ca. 2604
a-Te 0.2770.002"""”’ 90~120"" ca. 15710

20134, Andrikopoulos 255 | F i 7 8 BT AR X BB A2 BRSSO PR s X, | 454
F AT TIRARFSE . AP S Vet 55 T 7E 473 KR IHAE 93~273 K 4 58 1HLRE 70 Bl N 1 2 W
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Fig.3 Reduced isotropic intensity of the S—S bond stretching spectral region for the parent liquid at 473 K
(solid red curve) and the quenched product at 93 K(dashed blue curve)(A) and Raman spectra of the
spectral range representative of the S—S stretching modes obtained at various temperatures(B)*"

(A) The upper spectrum (dashed-dotted green curve) is the theoretically calculated spectrum representing the vibrational
modes of a mixture of short and long chains and S, units. (B) Intensities are normalized concerning the maximum of the Sy
band. For visual inspection, the spectra have been shifted (along the x-axis) so that the S, peak maxima coincide.

Copyright 2013, American Institute of Physics.
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Fig.4 Structural schematic diagram of single-molecule atomic force microscopy(A), the working principle
of single-molecule atomic force microscopy experiments on a sample prepared by physisorption(B)
and the approaching(blue) and the retracting(red) F-E curves of one experimental cycle(C)"*!

Copyright 2020, the Royal Society of Chemistry.
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Fig.5 Typical F-E curves of polysulfide in nonane obtained by the single-molecule atomic force microscopy
measurements(A), the normalized F-E curves of those shown in (A)(B), normalized experimental
curve of polysulfide(red solid line) and the theoretical elastic curve of polysulfide with /,=0. 207 nm
(blue dotted lines)(C) and comparison of the theoretical curves of polysulfide consisting of three and
four sulfur atoms(H-S-S-S-H and H-S-S-S-S-H)(D)*!

Copyright 2022, Elsevier.
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(A) cis, Forming a ring; (B) trans, forming a chain.

a-Se [ ZEH) Ll R BDEIE ™ | ARSI | RS XL XA SORs 4 25
a7 XA R BEEEIE 0 | BRAIDEIE | LIRS | SRR RIS AT L K
OFFE IR S T TOEIE . a-Se WRIRRAT FR 2 f 0 T B (181 7) « 8K r=0. 232 nm , *F-3Y
PCEBOR 2070 2, B AT 1007, i1 2 X 3 il R MG E TR A5 1 ME— S8, a-Se 19 1R fI7E
70°~100° G E A, T ff A% 1-Se B9 THT A R 102778, SRTT, 5T a-Se BT P 254 | BREE-F-15 LA K B (7]
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7,=0.232 nm
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Fig. 7 Schematic diagram of an amorphous selenium planar serrated chain
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Fig. 8 Raman spectra of amorphous and a-monoclinic selenium(A)™*, polarized(HV)(B) and depolarized
(HH) (C) Raman spectra of bulk glassy Se recorded at 9.8 K using the 799. 3 nm laser as the
excitation source™
(A) Copyright 1967, Elsevier; (B, C) Copyright 1976, Elsevier.
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Fig.9 Raman spectra of bulk glass state and evaporated amorphous selenium(A)"™, reduced polarized

(I}) spectrum of g-Se at 308 K(B) and Raman spectra of selenium with different structures(C)™”

Inset of (B) : magnified image of the low-frequency part of the spectrum where the Raman peaks associated with the
medium-range structural order are seen. (A) Copyright 1981, Elsevier; (B, C) Copyright 2004, American Institute
of Physics.

FE a-Se B9 & 1 & (M REAS 2 EIE 2 )5, WFIE A 24T a-Se B 25 [n] @t I J& T A5 . F7E 1978 4F,
Suzuki 55 R ) a-Se (45 F4 AN RE (a7 R IR A DI A BE IR ITR A . ALTTIAABR T 35 A IRAT 1Y Sey
M Se, 55N, A T B, XL TR Bol E 5 AR R A EEZE S . 1998 4F, Kobashi
SO I XRD WESE 11 620 KT B A Rl it 14¢  28 25 3 i 45 1 a-Se I 2548 . G5 SR 3RD], TERIAEEEIN ,
a-Se B DX I ) 254 i ph FLAT HH B R84 (AN [) RUST 8/ \ G BR HE B ZH R , 71T /N0 PR 235 40 ) s oy L
AL ST A5 R B BEREHLHESI AL ALY . 2019 4, Calzadilla 257 44 i {8 B L TTORR 21 3048 24 9 SnO, 2
JIE b, IR AFM | 72 @ 00IE G WS AE Jy it 54 | JES A BRI T IR ABESY, KB a-Se th
BERIPALAE . SR, (EARE AV, Marple % 87E 2017 45— T 5T HH 4 a-Se A Se, A AFAE,
X EAT B KB A FE RS AR T I . DRIIE, a-Se AOSEAL) ) BLTE A RATY 75 B b Tt — A 5T

3 LTEWHE

fifi (Te) 2—FAES R IL R, HIEET P24 5K Reichenstein " 7E 1782 -5 40 AT T LB . Bl
Je , YEN—7 24 W A A TR 3R EUR R, i TFRES R 2D, HBRH B S8 A]
E—FHCE, HH 1798 4 A4 Klaproth 1EZUA 44 4 Tellurium. fifi /776 P FR R R SF IR, — R dh ik
ff, A GREEE, W, Y, 58200 5 —FhRa-Te, 2RAAR, BEKE, MR, 15 W
BAL. RERE TIEE&RITR, A B ar G mSemrkae. EifanRgEdEeE T, minsmttx
Shyd

Ha-SHla-Se M, a-Te #5815 f /b . BXJE KA 2 8 38 R AR IR SR DO AR 3 M ST AR B S -
B, —HAm RS, fiamgs . BMECR AR S AR 238, duxfE LG 28 R a-Tel 1910 It
SN, SRR G, 8 A R R B 5511, S-S, Se-Se FI Te-Te 58 A SR REAR U AR, 43314 266, 192
F1149 kJ/mol. IXULAERE 1% S e B AR E MR B R, A48 LA A0 ) FOZE SO R AR
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{Eeii . (HX PO e MR TG A5 ) SRR G5 A g A g s,

a-Te MARAEACAE AT 2, SO0 B b B I 1 0 &5 R A6 0 38 ol s, DA R S 38 285 5 77 AR B R 1 52
M1 Koma & FE 1971 4738 1o PREE VA K AR B HE [ ZSHE, JEIAS T " Te AL REILIRIEITE , 151 a-Te
ST 2 R B BN Z5 18, (RO A T3 o VR K AR 0 A rh A 5 o e T N 2 il oy, RS 2RI F
ANUERR . B, Pine 55 AR B T AR = AT (1-Te) 78 295 K F190 K B (7 & 5615 , FFFIBF AL T a-Te
POGIEERE . BRI, Pine 55 R BUAA 115 2 1 FFIE a-Te AOH1 & OG5, T2 R iR A2 1
ALY TeO, MIHLE 61 . T a-Te 7E2Y 283 KL TF 4R %5 i, UL a-Te B LA MIFSE 32 2 1 H R A PRI
R+ geE .

19724, Brodsky 55 B AT T a-Te MIPLZEIEMTY . K1 10°h a-Te 7£ 77 K B By F7 565, Hr
L ARARR IR B, AU a-Te AR, A5 R A2 77 Kl B P By 45 i B ) ik
5 R W] a-Te P2 1S F LR M . AT FRAVIE(157 em™ )AL (R 3). FEZ90 em™ b2 HH—4>
FoH . s iR, BI10H50~75 em™ KIS/ MRGE S e R 25 i AN AT S, X2 SE 0w
TR AR IR 22 T S BUW . Brodsky S5 U5
T, a-Te ML T MR I ERIRZEH , A
[F] Z b7 T ix S5 2 TC P HES Y . FEIX — 2544
[ — 8% P A S A ELVE 5 A T A
L.t FARSREE ) TC P HES , ik =z 0] A Al e A
HAERTCEA R, NTTSEm T 3R 23 g i 4
SR . A, TR IR G e JE 4544
Hh, LR (AR A AR FH 5 I P RE 2 0 35 S 75 100 135 150 175
{675 S AS S5 R BNt 2 284k, , 3K 2 a-Te FHEL Raman SHift/em™
T AT 5 L Fig. 10 iaman spec(:rat (;1'7 aI-;;: and polycrystalline

19734, Tehikawa "7 F YR AT S BT 5 o 1972, Wil VI
T a-Te Y251 . A 7E R Z B0 AUl FE (LHeT 5%
LNT) Tl 45 T a-Te ¥R, FFi8 10 0 M A5 5 B4R 1) o3 A F 58 1 B b R i Jm 3k HE S . Fe R
B, a-Te [a]—8% o A R F I UG AR B0 R 29 R 1. 6, HHILAS H a-Te S BEEE MBI 45E . S5 — T,
Stuke'"™7E 1970 442 ! a-Te HA JCIFFELSHE , JLrhEEI5H LY - Te (5SS , (HAE TR, SHEzT L
M. X —W S 7E Tkemoto S5 IO G S 2 1 UE—20UESE . MATToR A X ST Z M SO 4 25 40 S 1S 5T
T a-Te [ R ab i, &5 t-Te B9 LM 8 K (0. 283+0. 002 nm) # b, a-Te AN B[ (7,00,
(0.277+0. 002) nm | 45 %6 , % PN Debye-Waller A F-[DW,,.., (0.0049+0.0002) nm | FFEAIK, %% P AL A7 %K
(Niws 1. 970. 20) #2235 T t-Te BYBCLA K (2. 00) , HE [ AH B ARG , TEAMSSHISES) TR 4. X
KW, a-Te fE A EAE DRSS G 58 T 5E NAH AR .

Table 4 Structural parameters of t-Te and a-Te

a-Te
g-Te

Raman Intensity

Species i/ T Novia DW;,,,/nm
t-Te 0.283+0.002 2.00 0.0054+0.0002
a-Te 0.277+0.002 1.97+0.20 0.0049+0.0002

H1 T a-Te BYS5HE 22 55 2 B 45 26 PR B2 , TESCRS RE PR 5y LR IR, DRI a-Te FOZ5 R BF
S¢S ) T BT R Tk . AR, T BT M S B — BER E A, A F DT
TR BE A R REAA e — E R 22 5 . X — PR B BN A TS T8, AT B Ve L PR A a-Te Y25 H4)
Rtk

20124F, Akola 55| FHI % B 17 BRI HEAT T a-Te FYBIRTIA, MAHAH 300 A ph =X (1) 3 B -3
FE M SE PR C, 8 B A A5 3 (N AR T80 L 37800 50D 2 (2) P Ak REHSEARS, 350
I3 a-Te RUZ5HE 5 AT A SEIRZ RBEA—F 71
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tllriw (2)

T B 8 A 58 T4 L 4.0, 28 o, Te-Te SRR ) O MO BRAC A 725 I 40T
[EI11(A) ], 72300 KINf, a-Te " 4 ST 14~24 TUH S5 R L ER AN, 1A R BATIRBC AL AL , I HAF
TERERZE A2 . B 11 (B) 7R 1 T R ZBOWBCAL I 7~ AR B R B BE IR SUFE 7, (B8R K (3. 914>
B, NIRRT R F) FUFE SR A K . EAE, a-Te 28 24 b7 MR 37. 0%, THFE A Te H A
KX —HHIE . FEF SRR, 8 4 =S I A AL B R, R LR R ARRL A A
TR TYERE, a-Te 2228 I AR5 A5 S HCAE B B A SR 1 P ) BT B T RE

D=

15
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|I 00 II..-—..._
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Fig. 11 Ring(bond cutoff 0. 32 nm, A) and chain(B) distributions of twofold-coordinated a-Te atoms
at 300 K"
Copyright 2012, American Physical Society.

2021 4F, Qiao%F iz % Iz s ES S5 G VASP BAGAL, XF Te MR A K FEEF T MK BT 50
J12EREADL . ABATTER 200 4 Te B F-2H B8 A ST J7 S ARSI 2000 K, FEAABEL T KR, LA BRI 4Gk Y
TCACRN , SRIG DA 33. 3 Kips IOV EI RS 1 % 300 K. ik A [R) iR TE’JIL/\#E&. , B HAAT 12 ps I

A LS T3 . Te ST A6 A RT3 (B (R il o {R2 (1) } = zﬁwgwrrﬂuﬂr

PEATTHRL, Horp N A Te [T 00 B 2L, R, A Te 51 B9 ARAR, TﬁBﬂLIEﬂlEﬂﬁ%. SR, Yl R A AR
F300 K}, Te J T3 4 G B Z08/)y , 8 Te [ Bl W B 09Tt 0, IR Tl B sl 580t . ffi Ik
A a-Te H, —BLNZ Te M= BCAL Te B HLBIROR, SECFRIBCAECN 2. 43, 558 - NHU" AL, X
A TAER A AR PR IR T = BC0Z Te MPURLHL Te. BEH IR AIFEAR, a-Te AR A PP A5 H 2 #5572
JNIEAR, Bl TAAAERER 47030, R P 45w 2] 7T HER . Ak, 15 a-Te P WS RIIAAER 24
25.3% W= e, HEI L 2 T = BC A Te FI VU AL Te AR BB AT T Te Ji 78 %5 0] H ) 24 5 73 A1

FI12(A)FI(B) 235l T a-Te b ACH (c-Te) HH S E 31T, 15 o-Te "R SIS ATAHLL , a-Te HAAS

JE SRR ARG, X T RER Tk e B A 25 B A TP S A s RN BRI T, (i a-Te N FRAEAS 4E
FRE IR . B 12(C) FI(D) 2351 0 a-Te Fl o-Te Y =4 it 7€ AL & (ELF ), HAR#UR{E 4 0. 85. i
TR DX — M ) o 0 DX A RS IO L 7, A B DX S RRAH X /N BT 2, a-Te I
c-Te HPIAFAE IR B 9IOG HL , 308 2 T35 i B X s (23 B [al 0l , Ay 2 3 B8 A . e 3 X
ELF 0. 8505 11 B 12(E) AKX E X /R TR, a-Te AR IS HL T EL B 10. 0%, B T A+
AILEB1(9. 19%). X I i T a-Te Ff = BC AL Te FIPUBCAL Te i@ it Sl T T 3 2 A9 45, AIMTEEH

T ZRECR RO HL . XSS s b 1 R Z B R AHEAE T, R TR E R A T 2R A

], MG SR 1 a-Te B 22 501 G 55 1 Tfﬁi%é&(DM‘ETED—iéhm {RX(1) JIT5 . 7E 1000 K,
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Amorphous
—— Crystalline

Fig. 12 Visualize the voids (grey areas) for a-Te(A) and c-Te(B), the snapshots of ELF for a-Te(C) and
c-Te(D) as ELF=0. 85 and the distribution of ELF(E)"*!!
Copyright 2021, Elsevier.

4 LDESRZ

H TG E T B S 4 0 HES AN A R AR S A R B AR PPk, O LSS Bl
SPFRAF BT, LA ALGEAE M RAEBOR T Bep BRI, S& T IO A #4505 it AR X 51
ARSCEEG VA T H AT TI0E I E S S a5 A o mr S O, L8 T Jo e U it B B ) 25 4 A 55
B BIeh T 3MOCE R IRHIER 26, ORA B TRSEGE L B s ST e a5k

SEHT NIRRTV 2 6T I0E IR SRS M (5 8., (EIE XS H oM R A A1 S BB AR
RAFHI AR DA . X AT ABIE iy LR LRI R TS (1) X8t 1 152 2 1 BT FH S 86 757k
MURFRTE ; (2) 288 T JCa TR W e SE 00 ot B T oW S5 A 19784k s (3) AT AT SIS i A iR i it
EREE il

SEARIRFDEIERES ST E T WA (5 B, , (HEWA B Z R (1) A FIR3h gAY & L
e S B SR L 75 5 52 672 RS HF IR 5 (2) ZEOCBUGR S %) A HLM A & e oo Hr = :
T (3) FEHEAT G LR B oA, 8 Hh B AR AR (4) SIAARAT— R Bl 2 25 A
A FR AR —E R RT5 Y, AT RE S BO: B 22, JFRI4 R A — @ R & . Ik, AT
T EE EURS % AAX ER R JC e TE I B A TS . I = T4k, B IR 00 R © A 4 ot
SRR S T TR, AR E Rl ARG T a-SHTR 455 B, HATIELERT a-Se & a-Te
MZERIEA TR ER . I, Xue 551N T FHT 2 SETEHERG AL a-Se AYBKEK A, %7775 T LIBE G
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