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Molecular Dynamics Study of Diffusion of
Impurities in Yellow Phosphorus

[ Abstract] It is of great significance to conduct the molecular dynamics study of diffusion of impurities in yellow
phosphorus both theoretically and practically. In order to carry on the molecular dynamics study of diffusion of impurities
in yellow phosphorus, the molecular dynamics study of diffusion of impurities in crystalline and amorphous silicon has
been conducted first. With the help of the molecular stimulation software, the diffusion coefficients of hydrogen in
crystallines silicon have been calculated under different force fields, which are 9.67>10""* cm? s, 2.00<10"* cm? s,
9.83x10° cm? s in the force field of COMPAAS, DREIDING and UNIVERSAL respectively. And the diffusion
coefficients of oxygen and phosphorus in crystalline silicon have been calculated under UNIVERSAL force fields, which
are 5.17>10** cm? s and 9.83x102° cm? s, In this study, the task of molecular dynamics stimulation of the change of
crystalline silicon to amorphous silicon has been successfully implemented, and the diffusion coefficients of oxygen,
arsenic and phosphorus in amorphous silicon have been calculated, which are 5.32x10° m? s, 1.88x10° m? s and
8.67x101° m? 51, Besides, the diffusion model of amorphous silicon and arsenic has been built, its diffusion coefficients
and diffusion lengths have also been calculated under different temperature(308 K, 313 K, 318 K and 325K) in NVT and
NPT ensemble Its diffusion coefficients are in NVT ensemble 2.28x1071° m? s, 2.64x10° m? s, 2.53x10%° m? s and

2.04x101° m? stand in NPT ensemble 2.21<10° m2 51, 1.88x1071°m2s1, 2.26x10°m2 s and 1.57x101° m2 s,

]besides, the movement speed of the melting when purifying yellow phosphorus using zone melting method has been [*ﬂzﬁ [AL]:

estimated as 0.15 and 0.20 mm/min by analyzing the diffusion lengths.
[Key words] Yellow phosphorus; Purification; Silicon; Molecular Dynamics; Diffusion coefficient.
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ERGNES . AR A RIS, MR T BN U I 22 11 24 A
wiik. HRREE: H—, MRRLGE RIS P ST EASL R R R g A, W
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2 A
CREE,
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ifiea)=ifi-2a)s T 0a
2 2 m

i[;i(t_;&ﬂz (1-28)

A, pONEERIER T T AFHRE IR ke ABURERHE. HITHEIINE+0) Sr@)iit
BT 5 A E U 2R 4 e B B A 900,

(1-27




i

B) f{?}“ # 'éﬂ’ HALE (B0 SR AR

2 REREREEETAY

21 5l
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B SAG R4S, KPHRE D ARSI E/E 99.9999% (6ND DA I,

— R, 2RI R AR S R RE A TS R A BB AR R ik, SRS T DR A
REE S FEEE. HRTxHK s RGO £ . SO A = A G 5 V245
PR P T AR SEE . SR PEI TR L HCL (B8 Clo, Hp) A4S R TR MR, 76 &R
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ez, BEE AR E T AT, F AT R AR TR B S, REIBAE R TR AT, 2
B ET I 5, TP R E/NT 100k w43 big, SERMRATVER R 2 Tolk
Si H R A 3 B AR BUR /IS B 2% STl A

o1 AT x RERE R SR B i, WORE PR AT T BETE REFE S 77 B4R BT A, X RE R PR At Y 2R
WHETE TR ¥ BRI R LR X SR B s ma 2 AR At 7 b 3, i
BRI RN B BRI R, U T RRAIR 1R . AT s iR AL A
AR, DLAIS AP BRI BUR BT A

22 HEREERNY
221 REANTREH

fE—ARLF JETF TR R84, 1247 ki 31 (Radial Distribution Funcion, RDF)
gNFR KR TR M S5 S kT IR . e — R SRS, B oo =N AR
SPIHE S, IS BE B R AT AR X IR RSP N o g (1) o TR, RDF 20 &5 545
MR SR 1 B IR AT RS ) —Fh R
T AZ AT R g(N = (2-1) FioR.
pg(r)dar? =dN (21
Kb o NRGEE . HRASTHEAN, WEL LR TAER (2-2) .
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I k
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dN
g(r)= 2
pharadr (2-3)

2170 73 A7 B BT DURRE N 2R G DX 3 25 P B0 3 BE K Bl 20180 0 AR 1) 20 A1 B B D3 2

31 mWOFE 10 W



B) f{?j‘ # 'éﬂ’ HALE (B0 SR AR

A (2-4) Fiw.

iZN:AN(ra r+or)

1 =1 j-1
Anr’sr NxT
b T R ERERTE] CGERD 5 or NBGERIBEEZE: ANANT r—r+ot HIF 5 THH .
T r EEBUNTE B, g(r) 1 BERAEJR T RO HERUIR L S S AN TR AR 25 o 5T RPN,
BT T 458 R R B R T RO ARE ), BTA (B r IS KIS P22, &EEm T
TEAE, ZEEE— e SO 1o @, STk, BTFHREFNEN, BRaomeics K
TR, TR T ARSI, WA ) 50 A R B — R R AR e
222 ¥HEREE
ABAY TSR BT Einstein 1£BY, %352 A, Einstein T 1905 4 7EAT BiE 3 1 Fe i
TR b i R SR, T i T SIS I ¥ 77 60 #% (Mean Squared Displacement, MSD) [
TEGEEJ3%rh, MSD JEBEALIE 3 7 (] FE (5 F F bR . 0 F 3 71 RGP ¥ )5 fR 2 4R hr
BB, GBS T E S A, Ln@)Es tRRCT | AL . R TSR 1
BERR i I (2-5) FivR.
2
> (2-5)

KRPHE SRR . RIS, NS TREBE, MK, RGBT
PRI (T R, B R . BRI, 5 AR B Sy G RLs B A
E . W T A I T n B, SR I E S B (L) ,r(2), - r(n), EE AL
T4 AR RSy, BT SO, RRUGH B R() B EL /2 ALEGR 0 P4 I 5 A
(1) 1), P (n/2+1), Fer(nf2+1) ,r(n/2+2), -~ r(n). LEBREI MIEE A ot BRI 9AT— Wl 2l L
RE&, BB mNA (2-6) . 27 . (2-8) K (2-9) FiR.
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p (2-4)
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i

t
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2

FM+D)=r @) +[rMm+2)=r@)| +-+r(m+n/2)-r(n/2)

+

R(mat) =
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RAMELL T, MSD S B ARBUR LR RE, WA (2-10) FrsiR R,

e 6t (2-10)
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2.3 EEEPRYBUEE

T7F Materials Studio (MS) #ft, #EICHT I H JER AP INEEIR BB SN, 2RIE K%
JEMLE LSRRG ey 252> (AL 7 IR d A, R 2.1 R

i

E 21 2x2x2 RRRNHKRERREE

& PR Forcite Analysis 7 H1 JL/2 406 55 (RDF), 41 FE 2.2 .

alr}
0

&0

50

o 1 2 3 “ 5 L] 7
r (Angstrom)

H22 HRENEESHTER

B 2.2 ATLAE H, B4R A 40 A 5RO E0RT CABR AR N R GE 0 X 0 S T B I L, FL AR AR P 45
W+, SARTERIAR A 2040 B8 808 KAERIIE . Forcite Analysis FHARIETKE 4 204, T8]FE 0.2A
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BN, HEEC R RIEAR 2.1 For. WER 2.0 FalUUEH, H TSR HN
2.351A, FRUAFE r 4828 2.351A R JLABEOR L TR LA R R, g(o)#8ASNE . FIandE r
{E4 4.410A K, g(0) B H 46.978, KORIENE B 55 J5 T 4.410A A BIAEE R 7, Ky 95/46.978=2,
X5 EBRE BUAR R o

F21 REEHRBEXR

rl(A) 9(0)
0.000~2.330 0.000
2.350 57.675
2.370~3.810 0.000
3.830 65.141
3.850~4.390 0.000
4.410 46.978

N HATESBEERT BRE, ERESENERRIMAEAZEE T, WE 23 fiR. 4%
ARG, JRF T REA RSN A e R, BT AEREAT 4 F 30 ) A S, AR
Likyihig. 16 MS Bt e B Modules| Forcite| Calculation o5 B 5 /122 A< S50, 55— 78
NVT REEHBHAT Vi, BIdGHE R ABELESE . 5N 298 K, JE5RA 0.1 MPa, A KBEE N
1.0fs, KPRy 10.0 ps. 55— B PG, 15 &MU FEA BT 3 D F 4, 4]
GRS P G2 5 — 4B P S R . 55 B AE NVE R HET, BRI E KRS, (HMA T
i [ 385 I %) 50.0 ps. BEANFffi ik & 7E COMPASS J137 34T 11

23 SRTFERGENHY ER

PR SE, o ST T3 I RIEAT M. B 2.4 Al F i, PR RS RLH
JELFEAE 298K [N s, WM RSOk FITAT. ESERAE P EE Modules| Forcite| Analysis, Xk
(T A5 Y 48 75 B2 R R A 6 24t . PR ORIGINT.S S BT R P B R BOE R, T
ER. ME 25 hFEH, A ELIRE N 5.80X10°¢, H4E Einstein y: 7] 75 1 2R 776 & A
PRI R ECN 0.9671071° cm?/s.

# 2.2 73 HFIH T COMPASS. UNIVERSAL #i1 DREIDING /7138 ik Mi%y Bh &2 %, H
TP S35 BRI 8, H iR SR LA 2.5, 2.6 K 2.7 Fin. BISCHR
BEIR[ 1R, AR TRy TR AR (2-1D) .
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0.566V
D, =4.2x10~ exp(—
3 A

Yem? /s (2-11)
EFEHE ORI BRSO H T 100 B . (HRX =N EET “SReR” 1y, #oeT

BRI SR FERARE P IY B AR Y, XA AR AR A R . R, BRIIA
R RS A ey — AN A A =AU F AR, RS SR 22 (A TIURL 2 v
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H
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0.013
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B 2.7 298K, 0.1MPaRt, Universal NFFERTFHERGEPHSNUE SHIEHNEERE

F 2.2 298K, 0.IMPaRf, FEAFHHHEENERFERSERT R

VAL /Bt WEBELFR (409 TR (em? )
COMPASS 5.80 9.67>101
DREIDING 12 2,000

UFF 59.0 9.83x101

TR UFF 32 H) B SURBE IR 77 b R TR A SO o ARSI S 7k b R e S DL T 11
W EREARIR . A ELRIF N 3.10<10°, H#f Einstein ¥ FJ 75 H 48U 118 ity PRE - IO iR
HJ9 5.17 X101 om?fs. KT T (LS RAEIR 2.8, 2.9 MK 2.3 R f i .
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Tlps
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0.030

0028
0026 ]
0024
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5 0018 ]
g 0.016
E oo« "
® 0012 ]
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Tlps
B 29 298K, 0.1MPakt, Universal I PR TERAEERHSNUB SHIEMNZE S
i #+ 23 298K, 0.1MPaRt, Universal B TARR FERBETHT HEK
24 JET MHELHE (x109) PECREY (em?s)
| ) 59.0 9.83x1010
=) 3.10 5.17x101
i3 59.5 9.92x1010

A FT ARSI H EURI B A S R P T B R BT 7 i i =0 (2-12) F (2-13) iHE
D, =0.07 exp(—2.44eV /kT)cm?* /s (2-12)

D, =7.4x107 exp(—3.30eV /kT)cm? /s (2-13)
AR 54 RS SCME A — 0 ZERE, ¥ BRSO T T80T, X B AR
SCRR RS T 135 R G T E RIS B R BGHT TR IE, % “SkR&R” HnRIR
NT RIER” 135, LTS RS RI TS, 2R AE S RE P I IR B TS
[T T30 1 0 A B AT RUEBE, SR Hr LA 0B, 43 T30 752 1 82 F R
SR FIR B %R BRI, (E S T T T e A R AE A B RN 4% R 76 3
BT NI TR S L Fird L, @I % Materials studios %R (30R, S T %6 4 IR 5T
Rt TRKFE D

TR AR A FAIBE SRR R IF BT A AT DS A58, 3 BUREOC TR IR 2
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afRRANN (2-14).

D =D, exp(—E, /kT) (2-14)
X (2-14) 1 Do IEHIE T, Eo NY #umEILEE.
2.4 FRTEEBERHT R

F R 3 2.3 ANATIRIRE J5 i 37 259> T (1 3 77 A WV R a5 SCRRIBIAH [ ) 7 Ve %
FESRARLE 1700 K, 0.1 MPa, LA COMPASS 13 FibAT AR . H 75 4 i P o ek R 1) f e
PEFIR A T 284k, WO N2 00 R Tk v ) B T I8 3 e A 5 224 A I TR A D I S 28
o, R 2.10 BioR.

i

(b) BEHR
B 2.10 1700K, 0.1MPaTF, B COMPASS JIiZiigRlEH T2 HiE~EE

2.11 Jy B B HE I TCRE TERE IR AR 17 20 A7 B H AT H R S 1) 0 A 6 - S e R i AR L ke
TERZA.
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B RBIZER, WO 058 B I IR~ 48 SR AN R B 7V B B S TG TR S A X AN i Fe e
HARRRIE P i AR b 22 R AR AL, WEE — B P 7E NPT REZ5HP kT, $8 8 SR T4 UFF H1#) O_1
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B 2.12 1700K, 0.1MPaF, COMPASS /i e -l SR & ch L & 20 B 5 BE RERT IR A 2540
BB PP B 2.2 AN R BB S RRE BB AR B AR SR IR
SN 1700 Ko ~PAif 2 & F FIRE R 7V ER0E b 938 5 A e Bdl, AN S i B R 2. AR IRABEUL 1
ZRFHIA LML, AR, K212 (a). (b K& (o) /AT E RS =P &5y oy
W34 77 R Bl I T AL IS B 3R 2.4 B T IR SECH T s R 5.

F+ 2.4 1700K, 0.1MPaBf, Universal I FAERFELXEHREPRT BRE

JRF WA HLREE PEARBY (m2sD)
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HIZ 25 SCHRETAT 45, ££ 1700 KN ZSCHRER I TH AT Y 11X = A BT 9 1O B Bk 2 46 1070
m? s, AR A 45 R 5 22 SCHREAR B N USRI UGS, 5 R8BIRTSC 2.2 /N1 dh 204 B A
o ARG AR NG 37 OR B AT S5 BT AR I B2t/ B AR O S o
KT BRERARGS SR 7B, ABU T B 7 & R R S b A T IR B RO
By AR BN 1) 22 BT A AE T LB AR A LA
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3 RRERBFHTE

31 5|8

RN AR AR R, REESPA, —AMRRET, HES317.25K,
Fi A 553.65 K. H[E A% 1 284.15 K T4 1.826g/cm3, #£ 308.15 K Ty 1.840g/cm3, M #T
WA TEE M % E R (3-1 Fir.

p=1.7862 -(9.195 x10™)t (3-1)
K o NERE, AN glem®, IR, BALEC, H 283.15 K<t<553.2 K. A ik iz,
Horb o RIZEARAEIRS TREER, NIENmAR . o BITE 195.2 K ATy g &, g AN
B AL O],

DX Sl v R FH 4 5 A [ AR RS VR PR T AR R 0 25 5, B I A R e ab A R, BAIE
FHRALHE 1o 27 2RI A B A H IR, P HIERETE 315.2 K~320.2 K, In#Aas it
BT RS, AT B R A DX N« JA . A X I B A AR AL B, BRI N
TTYHG NTTIRAL T B T ERE AR K AT, AR

FE DX sl v A b S I 5 AT 3 A R B et RIS X RS B RE v A7 3000 A1 R Kert A2
TERaE AT, RIVUGE I St L i e A S R ), A o 0 2% R 5 AR R S 2 2 AT
Bk 2 b, HoE L=t (3-2) FiRi,

ko Ko
Ky + (L—ky)e™?
A ko NP AT R AL, BIFERIRES T BB A FR L, D AT BREL o
WATMHE AR =8 (SR WRZEEE. ISXBIHEE v & — N TRiELi S8, StX g
FEEH P EERIER, 23 K, SRR, MAR (3-3) Xt HBEATIRG.

V< GDk

mC, (1—k)

b G R R AR, Cs [k rh 2% Rk o

M (32) (3-3) HATEH, A THRBImMAEENER, xR T 30 7750 TR AR 24 5
B, BONLES T3 71 A R T 3R I B R S I S 3L

3.2 FeFRBATERRRARE T A

TV B E LT, @ HIEE R, AR, 767 8000 MR T A1 8 AMifiE+
B3 BORE A HEAT R AT T B, (0.1 MPa) R, 7E UNIVERSAL 7137th, 4 %I7E 308 K,
313 K, 318 K 1 323 K NAMAMAL AT ) 11251l ~FHd a, W RGdAT 150, Kby
R H 5 8 (0t I Bt A A N B4R, BT Einstein 01 S BUR S 4502 3.1 F1E 3.2 Fivr.

M 3L EH, FHASSRENRANHE. Bt L, P EREUSG RS ICRRH L
Wl (2-14) 19 Arrhenius T2 T7FE, B B0CR 0N A BE 3G I in . i ABHIHRTE 313 K 2
B, VHECARSBEE R TR TR R E 313K XA, §TEAREGHRE TR RN . S5 SRR
PRAE T A4 5 AN, R R GO R RS/, ST P TRV DA 3 A5 P A AS R B S5 R TR o AR

(3-2)

(3-3)
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KIZRGE I AT SRR 0 30 T AR EERVBE AR /KT A AR R 2K, WAL 4
RS HER, ER O MM T IA BT

3.1 8000 MMERTH 8 MR TLERMMY HuHE
3.1 0.1MPaR}, UNIVERSAL 733 FARIRE P LR #- S SR KM BIKE (NVT R

R (KD WA BELRE PEAKY (x109m2 s1) TR (x104m)

308 0.137 2.28 1.17
Xk 313 0.158 2.64 1.26
| 318 0.152 2.53 1.23
! 323 0.123 2.04 1.11
iT % E:
]
g 8
2 z
] £
3 g
g 3
Q 10 20 T/ps 30 40 50 T/ps
(a) 308 K (b) 313K

e mmm e e mmm e e e e e e ———— p‘; JE
Mean Squre Displacement/A®

Mean Squre Displacement/A®

Tips Tlps

(c) 318K (d) 323K
3.2 0.1MPaF}, UNIVERSAL 71 A EIRE FEEMHE-HNHS B SHEINEMENE (NVT RLE)
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PECKRE | e =t (3-4) Fiaw.
I =/Dt (3-4)

b DO RS YU (Rl O R R T ER ] t I FE—4E 7 ) IR B A i R
WCTE SR AT J TR SR, B IXCRE UANRE AN T 8O BE |, 5 M 2% IR OG A FE I il 5 3 8
S X ISR 25 o S TA] t 3R 60 s, THELH I O B sk 3.1 Fio, AR A0 vl ik
HBX BB 0.15 mmimine SXFEA 53 —AN A FEML B T ARt 005 iR B7E B i
HoR AT FL PR A R

% R BNZAEA N T E TR IR, AR T e TR -2 IR OB B 256, PR AR AE NPT R
SRR ] REAF B EHER ) 2 T3 1 BRSNS RTSCRTE NVT R TP B AT X L
TEHAB A ARSI T, BT T NPT REEHRIFE, B ritsE, B287Hy 8RE
MY S, 258K 3.3 FISK 3.2 Fioms

3.2 0.1MPaFt, UNIVERSAL 1% THREIRE DI ER#-MI BAKAYT SKE (NPT R4R)

ME (K W& HLREE THRE (x10°m? s1) TR (x104m)

308 0.353 5.88 221
313 0.512 8.53 1.88
318 0.246 4.09 2.26
323 0.123 2.04 1.57
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(c) 318K (d) 325K
3.2 0.1MPaB}, UNIVERSAL /13 FEIRE FRER#-HAHSABSHENEERE (NPT RER)

o3l o moF 23 W



B) {f}‘- # 'éﬂ’ HALE (B0 SR AR

MADHEMRE S, §EAESREZNRZMEVIAKR, 5 NVT REEPRIBIIMET, Ak
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4 BES5RE

4.1 B4

ASCE T B 1% T, RIS A, X2 AR R BT AT TR, T
FSE S 3ZH T AR I35 A R 2 A T F— N HE AT T8 12 AR I AR R
TR R O R AT 1A BRI T R R4 SR R R B3 AT O o A i R B
AT THIEXTL, FHSAHMN I SCERE T T Xt SR S R o e e TEAR Y, HFE T
ANRZFAEIL AT A — RITER BT HHR A R S . FEAR RIS
W

(1) B3 7B, AT AR AT BRI, A T AR R R T B AT AR R AT
HHE. HWRARRAG G, RN ARMBEFENZ R, DRI RS BT A,
VBT B )72, WA FEE o e 1) (7R Ak e T 3P 4. A T UNIVERSAL.,
DREIDING 1 COMPASS 713%, X} iikE-E4 B AT 781, HA7E COMPASS 11379 1)
P ELRHCH 9.67>10M cm? 1, DREIDING H124 2.00101t cm? s, UNIVERSAL 34 9.83x<10710
cm? sto T UFF WZAE B 4 BT AR EBC T, 5K UFF HET S H A8 . ) UFF
of el ARTE SR R AR RE - B AT T T 1T, 1R TR RAMYBRE HAE
J95.17>10 cm? s fl 9.83x1010cm? st W45 IIH B R B S STIREAR XS EL, FRar it ie, £3HH
T a3 A RE B SR R S BT T EGR BS SCRRE R E
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(3) #5777 #8000 Ak 1 8 AN 1 TE & TR HUiE &Y . 7E UNIVERSAL 733, &
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