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Fig.4 Schematic diagram of diamond growth cell via the temperature gradient method
1. steel ¢ap; 2. graphite tube; 3. dolomite liner; 4. piug/crystal bed; 5. copper sheet; 6. pyrophyllite; 7 salt
tube; 8. carbon source; 9. alloy catalyst; 10. carbon sheet
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F2 /R 27ES.5 GPa, 1300 °CIH R BT, TEFeNiCo-CR & HH s 5 ikIEAS
A R B S 4iFe: PR AR, WDKK IR SR SR S S AFe;PE N &4

HFEETL NGRS S

®1 PN ARFHRLGE
Table 1 Morphology and color of P-doped diamond crystals

Samples Fe;P additive wt. Morphology Color Inclusion
%
a 1 octahedron yellow no
b 2 hexoctahedral yellow little

c 4 hexoctahedral light yells/g<<® little

d 6 hexoctahedral li h@va‘ many

e 8 skeletal crystal /
N

& A%; 2. R [FIFeaPii B R 1 005 5
Fig. 2 Optical micrographs of diamond crystals with different Fe;P content

()l wt. % FesP  (b)2 wt. % FesP  (c)4 wt. % FesP (d)6 wt. % FesP  (e)8 wt. % Fe;P

MEEEWIA SRR A, AT H, BEEFe; PSRN wt. %8 wt. %)%
WA SR AR 1R 2 E N TR B A R 75 - N TR B 2 A8 % 0 (R  RATT R IR i (a)—(d) )l 2
FELAIDE AT, ZRFRESRNIAE KSR T & SR T a2 R ICRRA, M4
AP L) HR AR R 5 AT, PR (11D & T R B f K0T, AT HY B 1 Bl 5 Fes P15 A 1
I WA A R AE K I ] T (LD E TS L. HFe:PBEIEMEI8 wt. %, wNIf A
ARG, X TR TR R TR T, BREEMES TS Al A L.
X AN S A 7E i I el R A N 2 SRR IR BT AL A 2, T 30 A P 0 L S A I
N EITE AR B 1 2620, RGN AR A R T, AE A B B S 7 A A7 AR
SHRE TR HEB S E BN, SIS N N DRI A SR IR, &A% RN
AR AR R i o
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TESCHT I 78 HFAIESE T &N A R AR BT, (D T A 1 4 NI &
S NASTHAR AR Ry 7s— )\ HR BLE JHARRY . FEASZIG & R ) AR B ANAR 1 461
N, BfEFe;PB RGNS AR M\ THARSE] S - )\ R E 28, XFI G A 1 5 R
Fe;PHIIINAE G NIA SR AE K “VARIX” FRR2, 4ffifFe, Ni, Co, MnKHAETEN
LV & 8 T AR NS NI SR G B FE R A T, 2 R 58 ) & NI B A BT 7 AR
FERIE 7. M2 R, BHENIEE B IO RSB S EMT P S RAE KT EE SN S
BRI, B ERATTAT LLE S Fe; PEUE S WA f A K “VEIIX” FINLEEZ: FesPi5
N T ity v, A A 38 (VA B O A S WA AR ) “VERIX” B

) BT ATt W 5% B 56 Fe; P45 & 1938 N & WA ARG IR AR v, PN 30 S A B v
ZIME . ARFTRAF, IbMENIA BARRIEEE— R 52 S B ECS IR T (C)
GRS, DRBLIRAIHEN, BEEFe;PB RN, B AENIARAEPCLE B, X—)
Vel i 3 B AR LT A (FTIR) FALSS FAF RIS

{8 L AR 3 2T A B MR AE AR WA AR I RTER T, BB A R SIE NI P93
2Tt 3R M FAFAE T, DR AT T 6T 4 NI R () 4% o AR R M TS 348 4y
Mro B3R TBPENIA MRS EENHRS B SNIA RS2 310 K970 cm!,
2030 e ' 12160 cm!, A TERAE HC-CHERIIRBN BB 51 S 1242510 RLT-1130 cm ' FH11344 cm
VR C A IRV, BRI IR I R S R T AV AH DG I(1282 | ome ') FIBC AH S UG
(1175 cml), AAE TS NI4T S ARRE F i A ATB O FEAR T AR VLA IR A, Bk 3k
fidEco&  EIE R BHA S E.

—< LAwt. % Fe,P
—— 2 wt. % Fe,P
==—4 wt. % Fe,P
— 6 wt. % Fe,P

-1
2030em™ 3160’
1970cm
YT

Absorbance(a.u.)

[ ! M| . -: |3 . 1 . 1 . 1
1000 1500 2000 2500 3000 3500
Wavenumber(cm™)

F3 AN [FIF Py i < A R A ) 21 A0l 1 1
Fig. 3 FTIR spectra of diamond crystals synthesized under different Fe;P content

MR A Gt A5 2 B, AT S NIA SR T RS ENT . BSET
/w2 N P
Cr(ppm) = p(1130 cm ™ 'Yp(2120 em ™ ') x 5.5 x 25 (1)

w(1130 em ™y = [A(1290 cm ") - A(1370 em ™ 1))/0. 31 2)
w2120 cm ™Y =[40 X A(2030 cm™ ")+ 87FA(2160 cm ™ )}/127 — A(2120cm - 1)
(3)

HACAC LR FE BRI A i AT o ARAGHI H Ao ANB ALy, BT LAC Lo EE B DA
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B RSUE R JE N EEE IR NS NV SO G B Al SRR N T VA A B 28
IR B T VS AR LT R, S AEEBE NGRS A T R RUR T, R TRIR. FTEL
ARSI PO B WA AR P RS B AR IR R . BT R HE SIS AR R P 25
BB BV BAE 1 AL RS AR B P, DT A5 <5 e Ak o R VA A T2, i
BRE N < WA A T R RO D, X — RN BES 2 WA SR BRI BUNRE
Fe;PB ) ETT, SRBIEIZH AL .
R PR ERIORFASE
Table 2 Nitrogen concentration of P-doped diamond crystals

Samples a b c d

Cn/ppm 387 157 134 111

ANSEIG I X G WA dn AT S 20T T, AR U AR Xt G AR A 4
HRIFEM . B4FRIR 1 FesPUINE XS T NI i A A L = AT K o i 98 HO B L R Pl 4(a) Al
(DFTR, BB RSN B2t 2 I R AR, G E R EE1332,00 cm™ KHiLAF
FE o HASBLIK UG, 2t WM V1 T <A 1) 2R o 2 R0 G ¥ C—C B ) sp 2%
RSN . BEEFe;PUSINEAIFFSE BT, SR f R (R ISR 2 12 WS, X5
YanZF BRI S RAII A o MFe;sPIRIIE L wt. %, 2 wtsZo 4 wh, % %6 wt. %, A
(4 NI df A AR SRFAE I 23 67 171331, 85 em !, 1331569 ¢m™', 1331.57  cm 'AH
1331.44 cm', XRLAGRIA AR ARAIEIE F) 2 5 95 (Fullyidth at half maximum, FWHM)%)
5I497.09 em™', 7.14 em', 7.18 em 'f17.22 em!, BEHEFePIRINE BTG NI SRR
Frs ) 2 A HL e A AR RRE VEF WHMZ T 22 R, < WA RO 2 087 7 JH 1 6 5 A A
JREA R, ZER P S SREEAE 2 R Y PRI, % M A S A A5 o 1 o 2
AT, PRBAERL S AR WAL (B A S B R 2.

1331.9 7.25
(@) 13314477\ (b)

—=/ =722 d(6wt %Fe,P) e
13318 | 7
1331.57 7] d 1720
>
y, T S wi. Bkep)| - -

o 13317 F .
1331.69 H‘
[

||
A =y 714

% b(2 wt. % Fe;P)

I _ L O A, o A Tl - ®.
13314577 /
. 13315
= 7.10
- 7.09 .

L ]

1 1 1 1 1 1

3 4 5 6
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Raman Peak/cm™!

Intensity(a.u.)

a(l wt. % Fe,P)

1 ) L L 1331.4
1200 1250, 1300 1350 1400 1450 1 2
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P4 (@) A [F]Fes Py & <6 A7 B0 A Raman G 1E IAZE SR 5 (0) A [FIFes PR I 5 NI A 5 4 (A L 2 e ir
A Ry 5
Fig. 4 (a)Raman spectra of diamond crystals synthesized under different Fe;P content; (b) Raman peak
positions and FWHM of diamond crystals of diamond crystals synthesized under different Fe;P content

BATEE LU AT EA FFes PUSINE 1 &R AR N BN 7. NS TS 45 RAVET
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Table 3 Internal stress of diamond crystals synthesized under different Fe;P content

Samples a b c d

Inner stress ch/ GPa 0.052 0.107 0.149 0.194

FHER3AT S, BEFE AR P Fes P IN & Y LT+ 4 NIA iR Fh IR R n . 254 130k
F b R Fes P IN & A LT+ RIAE 2 51 & NIA SR BB B g A7 2 F8 L HFWHMAS K. 341
IWHIERRGZI R N ENLEE . EARENIA ARSI CR, PRIETEE KT CR
T, HC-PREAEK K TC-CRREK, XERM SR S AR sp B 5 T 2 8] 125 55
1 G WA A PR 2 26 B T S B0 AR AR . R IS AR R AR R A T ke, 2K
T AR, BB 45 R AR B B SN R RN, SERAPE 42 &R 5 A
R sp3 4 o

BAVE FHPLIGIE R &R A iR R A e S Aty . BSER T X EPIBAENIA T
PLYGREMIASE . HESH AL, BEBAENIATEST2  nmAbH B T 58 2T — b 2
PiFEIE, FEAE612 nmib BN T &R H) I f S A R0, 140637 nil660. amAb th 1775 P
ST T, 637 nmIGER RNV Ly, 660 nmig ISR 71 H HEORED (WS ffty) 33341,
KISTTA, BEEFe;,PUSINEIAK ETF, SNV 01637 nmiMEGsRE A Wik 59 B ENV-
BB TR, 637 nmibiE(E 574 %k. XEgh B R, GRS BT h i & S
T AR T WA RNV BT S5 A8 AR 20 SRR I o 8 2 & &
FHRAHT, NV EOEERA RS MEBS AR, SNA SRR
ARG N Y NI TR e EP SCaU DA RINS 62 N Y

T

Diamond Raman |_ 1 wt. % Fe;P
—— 2 wt. % Fe;P

572 — 4 wt. % Fe,P
612 637 —— 6 WL %Fe,P

- Q60 [T 6wt %Fep)

PL intensity(a.u.)

550 600 650 700 750

Wavelength(nm)
s 7 [FFesPYR HIRE 4 47 26 S PO i I 45 1
Fig. 5/PL spectra of diamond crystals synthesized under different Fe;P content
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BEFIP-C  2py fa5), X R BTGNS WA AR N EE, IESEARSZIR NG R T B 2 4
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EAFE RN, BEESNIA AR E A BRI P SR — MR R, X
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Fig. 6 XPS spectra of diamond crystals with a’dopinglevel of 2 Wt. % FesP (a,b and c are the XPS spectra of

Cls,’ Nlsand P2p)
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Synthesis and Characterization of P-Doped Diamond Crystals in
the FeNiCo-C System under High Temperature and High Pressure

ZHANG Haobo, HU Meihua, LI Shangsheng, LIU_Di; HE Shasha, LI Xiaoxiao,
WANG Zhenyang

(School of Materials Science and Engineering, Héwan Polytechnic University, Jiaozuo
454003, Henan, China)

Abstract: To investigate the effects of phosphotus<doping on diamond crystal growth, diamond
single crystals doped with phosphorus were synthesizéd/along the (111) plane using the temperature
gradient method. The experiments were conducted under conditions of 5.5 GPa and 1300 °C, with
FesP added into the FeNiCo—C system. The synthesized diamond samples were characterized by
Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, photoluminescence (PL)
spectroscopy, and X-ray photoelectron spectroscopy (XPS). With increasing FezP addition, the
diamond color gradually lightenisy.and 'the crystal morphology changes from octahedral to
hexoctahedral. Moreover, the additien’of FesP alters the catalyst properties, leading to the increases
of nitrogen solubility of'the Catalyst. Thus, fewer nitrogen atoms enter the diamond lattice, result in
the decrease of nitrogen/impurity content in the diamonds. Phosphorus doping increases internal
stress and induceg lattice /distortion in the diamond crystal, result in degrading of the diamond
quality. This conclusion, is supported by the shift and broadening of the Raman peak. The
incorporation of phosphorus atoms inhibits the formation of NV~ centers in diamond crystals. XPS
results eonfirm ‘the successful incorporation of phosphorus into the diamond lattice. This study
provides usefulinsights for understanding the synthesis mechanism of phosphorus-doped diamond
crystals, and supports potential applications of phosphorus-doped diamond crystals.

Keyword: high-temperature and high-pressure; diamond single crystal; superhard materials;
phosphorus doping



