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BT, ASCEMHANFEYILG CORS =R HPHT SNIAHE (A FEf: 44 ppm;
BHEdh: 7 ppm) FERFFFIX R, B LB R H 4R B A E A 600-1000 °CHZIE K
NNV OO, iYL C ORE EX GR1L. NVOFI NV-32 5+ B A2 5
Wi, B JEIEH NV ARG IR =& A #6850, 91\ 5 GPa. 1100-1900 °CH¥) HPHT ikt
B, BRI AT EAIOCEREIRES . RS 858 DA K Ji5 Sl im IR ATR K AL B NV R0
I 2 EE A o B ZEANIR SO EE (FTIR)  $08061% (Raman) ADGEUE EGIE
(PL) XFESEHTERERAE, METFAFE HER NV ORI LR G R 5 AL 5250 4k 8 o

1 3£ I

NI E R A HPHT FiAL 3 SEL0 357 [ 72 SPD-6X 2700 B /ST T R L LT &R
18 AR AE 5 GPa, 1300 °C&ME R &, Fe-Ni &&ENfilll, 18 AN, JHimid
WY Ti-Cu BRGNS IR PIAPAN [F] & SR . AR LLAD GG 1130em VAL C O F A
RIS IEAL 5, A FERAT B FEMBIWILE C DR EES ML 44 ppm Al 7'\ ppml1ol, 15T
SN} FTIR YT RGBS IE, FERIH 2030-2160 eme! [X 1] (1) 4081 475007 1WA N B
DAYR/ IR it JE P R 2% A 22 S s . C O R FETH L AN

u(1130cm 1) = [4(1290cm 1) - A(1370ern ~L)]/0.314 (1)

[40 x A(2030cm ™) + 90 x 4(2160em ~ )]

1(2120cm 1) = 30 - A(2120cm ™ H#(2)

Ny130ppm = [u(1130cm ) /u(2120cm )] x 5.5 x 25#(3)

N, AN BB AL BRI S8 B S 28 AR IE i IR R B Nz 9T 1130
em ! g T AR R C D EIRSE . IRAEZIIATHE RIS, A FEEAT B FEAIIAIMR C LR
BRI HIZI09 44 ppm A 7 ppm, B PISRFER NI B AL RS B EAAED R R

B RCR A Je 28 1 IR i IR BE DAL R AP 5 Ak, P B THIR 5 A IR TR S T
A, RERRMAE A RS SRR PIAFE 2 HE Y A0 5 B0, HITAEIERA 10
MeV FREH TR, FIEZ,5 X017 e/em?. HE M RE PR b B K, ARG R & i A
TP . HA IR A E A P AT, THEEADY 10 °C/min, fRiE 1 h JmEEF A A 2= .

AR BPIRENE . B RN TR S HTBKNFEHEAETE, BT ey
U6 CDES B NV DI, Ay B PIALRE S SHEREE 7RG, KB AR
B HIAROR AL F1'B; BEJSAE 600, 700, 800. 900 A1 1000 °C N E 4Bk 1 h, FrEFEM 2
WAC A A600-AT000 A1 B600-B1000.

20N HPHT fidb#gs & TR S BB 40 T2, T35 HPHT kb
XFJE 4L NV O T sORR W B AT A LI R BRI ER . B FRE B FR& NV ARG SS,
HME LU BT 73 HPHT TAGEEXT B AT 25 0 AR I se e, RG22 e B sy 280 A BE S A St i)
%, B USLI EE S S E AR KR N 800 °C, B{4F HPHT TRALHIRE . RS JGHE S
GPa. 1100-1900 °C F£RiE 1 h, WEEEEIBE 200 °C; /G EATHIFEFI &R PR, F5—17F
800 °CTFHEAIBK 1 h, FEiC N APA1100-APA1900. 55 41546 [H & HPHT FiAb# 444
45GPa. 1900°C. 1h, BE/5&AHEGREBFHRE, 0707 600-1000 °CF HA¥ B K 1h,
FEMICA AVA600-AVA1000. o, APA1900 5 AVAS00 W37 AH &S24 444, S2hroA[E
—FE R, RET AR T A, fERPEEIIH.
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K6 BB WS S TS B 4 ks SR FTIR SGRE 4 At HPHT TilAb#E A
JE BAH R FAIRAS s R Raman Y6 1S 73 A6 10— B S NI RRAE VA AN i 55, FH T 3RAE
BRARPLTS ks A P AR R, Raman WA, AN RIERZ AT R RLL GEAMIED
GO EFATEE RS, FEN 1332 em ! fiIE 4RI —F Raman WEET Gaussian 165 K
PL J6i5%R1E NVO, NV-J2 GRI SEERFEAR R IERIIE, PL MR A 532 nm BOGEK, B
T EA RO E DA . AT ARG 26 1 N RS . B T INR B JE A5, (AR A
Sy BT AR PL %, JRTEMIARI BUR T 20 25% M B A& X T & i . Rk, &
Sy FEAE 650-750 nm [X [8] ] 68 0 R B0 B+ 5, %Rk 2h T BRI T BOREAPHE LB,
WA A Tl KA H A4 . Raman F1 PL MG 4 DS S e EATAX B8 bR g, TR
FH e it 53 G I bR A St AR S RS B, DALRAIEAS [F) A it T X SR ey vl b
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Fig.1 Optical photograplyofithe sample processed with the irradiation-annealing process
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B K AR I BORE i 2 WS B AR . FIAERAES T, =% A0 FEf &3, R BO B
BRAM, KRR AYIEE RS A EHEZER. SHAFER FERE, ALEMH
S ORI Bl MRS K (It i (0, SR F T4 B L7 9 2R b R BTN S LA
KBRS AN B I 52467 (VO FHIEHT GRI 00 5081, T B AR ZURE df
RIS NISAR B A 5 C DEEATER NV s, KMER S L GR1 A R .
FHECZ R, AT AL B S 6 m BR AR AT 46 B 5 15 5 HR BB AH DG (0 B i 45 2R

£ 600-1000 °CEHZTIRKJE, A. B RAREMEE AR P, A600 F A700 1)
TREFECES B SR, 800 °C A LA FIR KB s s i 58 s B ZHAE LRI el
i, HERAEEEARNRE. ZIHRUH, BB KRB RERSAEEHES NV
AL, TIHIEE C DR B S M i & TE B CL O R BRI A IR B . B e h
A5 NV AR EIRE 782, UL JE 208 K 25 5 A 510 NV A S0 (R
FEd R C DB, ZSALEZ S L GR1 B 2 A A BRI AR B
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AR, SRFEHER 2R OO O SR E R I A R, REeEA
AL B BESE AR T BAASREESE AL . NVOL NV-ART GRI S58R [ 19
J& AR AR F 45 PL O i — D ik

22 BFERESETRANBELEEIZERRNIREE NV BILAEL

Rk — 5 43 B RN 3 2R O FE AR i R AR IRAS SR OGR4, X AL B AL
FES AT T Raman A1 PL OGS . Raman Y6it 32 B H T 400 & WA 25 4R S 4% (1) — B RRAE
WAL AN BEAR A, AT ) T RO K 5 1R R AR ) B i TE P A s PL OGRS U A 1
ANV, NV-FI GR1 2B AH 5 R JEHRHIE «
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Fig.2 Raman spectra of samples treated by irradiation and vacuum annealing: the left figure shows the full

spectrum, while the right figure displays a localized magnified view at 1332.00 cm™
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K, o A ERIBRARRL ), BALN GPao AR SLIHE MK —F Raman FHEWE, /X

RIS 1AMAT )1 Raman $54E06, B 1332 em!, LS RONIEMAARERIER f1, FUEAL
R NI T RSB IZ, Raman WERIBRSZIRAR N I AN, 180T 552 3] Jiy SR b 7R 4
CELLNIZZ VN L UN YRS e A P S| P e W N = T L1 A SN S =R e 2 S i
IXCHS MG RV . BRI, ASSCUHSR IR AR B ) 3 T4 B b A [R] A 3 2 A4
N Raman WERLAT R HOIRZAS AR AR, TTAE N RGN R4 R . AL M
TEASIARGTBEEE, X 575 nm 1637 nm AbF 5 TLRHHT REREL IR ARG S, Jfe X
NV O EREM B AL R, A
R; = Ag37/As75#(5)

K, Agsy Bl Aszs 3 8 637 nm Ak NV-EFHE T 575 nm 4b NVO R 5 T
SR R AT RAEFE MR AE T NVAIRTT NVO IR AL i fE b, HABERESHT
NV-/NVO LR E L o G AN [ RE IR 4606 PL 3 A2 i RS SR Bl IR SR SR B
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SO, FRATT 3 R VA — s T R AR ok LU [F] — FF i R BN AR 3s . BRikZ 4k NVO
FINV-HA S AIE ] ReZ B B R . BRINASA L, A s R R 38k
FEABEER R M. BTl RASREE B T08 NVI/NVO 4k L, A BB AIE I
NVAaE R A . AT PL GREMEAH FSOR K . BORThR . BUMRTA., BBk
PERG 7L 3RS, 0 R, ATV [R]— 4R S 7EAS [F) AR B 2% AR T W R i N AR 4K 1) 2 5
| SHL HEMHKITRIFRLE S NVO, NV-A GRI F#fEIE. FTIR /& Raman 25 B 1743
GHW. R1AHT A BFERMIEANFCELAF T IR AR N AR &S R,

xR BR—EAETRAHRNZRRN I RRWB RS
Table 1 Residual stress and apparent charge-state ratio of samples treated by irradiation and vacuum annealing
. . Apparent . . Apparent
annealing Residual annealing  Residual
charge state charge state
Sample  temperature stress . Sample temperature  stress .

ratio ratio

°C) o, (GPa) R (°c) o, (GRa)
A0 / -0.291 231 BO / -0.283 0.17
Al / 0.101 4.36 B1 / 0085 0.76
A600 600 0.931 57.57 B600 600 0.405 2.21
A700 700 0.611 14.53 B700 700 0.550 1.66
A800 800 0.451 3.35 B800 800 0.617 0.89
A900 900 0.449 0.71 B900 900 0.416 0.06
A1000 1000 0.353 0.33 B1000 1000 0.418 0.03

& 1A, A0 Al BO BESA IR AS T Ramtan/ Wk X T TR F1 & WA R ALLR, R
RN ). ZHETRERE, Al R BYWRG VI HI N A RN 77, 1B = RE T
WAES NI SRR SN0 [RIBR R F R AUR A shpal, o8 7 RN RS E—P R
IR K, A600-A1000 FF i AR AR e S TR Kl FE T e AR ARG, R BB K AR 2k 350 7
HRER [ S G AN R, 5046 N 753 3 — e Bl MHEEZ T, B600-B1000 ¥ i AR AR B )38
WA R HES, SERERES T, T AR A NV (0 C ORI, R
207 TR B S HAth 5 A SR P Rathan W07 RSN BE N 2% . Raman V0458 (FWHM)
Al SRR A PRIy T ARIBJS AL B FES FWHM 36K, 1 BH 257 A 8] B 51
I T AT ¢ BEEKIE B THE, FWHM 563 K50 N ke, £ RiRiE K
B B SR B0 A 7 3 B PP RE 3 5 SR 0, T v v B R KA R T A R R P — 2D
HE RS,
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Fig.3 PL spectra of samples treated by irradiation and yactum annealing

K34 Ay B FESMEAFEACELZAF R HI PL 6iE. AQ 5 BQ NWIUEFES:, o PLitkd £
FRIN 572.5 nm MHEERIE —F Raman SO, R0 B NVO 5 NV-RFERE, i
BILERE S Al R ) NV (0 R CEES . B4R Y \AY FEGAE 575 nm A1 637 nm PHITH
U, 2 IR NVO R NV-(a.0 ) ZPL, 65047507\ nm i P () 55 A0 2% 04 3 32 5 NVO Al
NV T4 & A kRS, 7EAR R4 T AV RESD 637 nm 4k NV-[1) ZPL 5% 575 nm
A NVOF) ZPL, UiRAREE A i AP I U IR AR E NV 0 I BT 75 25
W9 NVEERR ML 1A 78 0 R - R 305 . AL T, Bl FEA TR 5 R
LW ) 575 nm A1 637 nm A7, {HFE 741 nm BT H L GR1 O F-ElE, 518 1 7 Bl
FEARIRE 2IEANHE 8. XUHMFRNERTERCE B LR ARG AT, 1E
JE SRR KRR, SO IRTERSRE 1 NG A AE AT R C O, B4 28 07 AT i EUF 3R
FIE NV s, Kk, GRY BN Ff3EM ILHE R HAS AT AL RIS, 28728, T2 250 AE
AR A R BRI B 5 PRI FRAAE . KA B FRS R i F 3R 001 C DR,
DRI e s B8 2 A I DLGR T HHRTE AR . = A FEA P RAL R 5 5 RS & E
BNV Bl ZEE R B, WIiE C DA B RS A E GR1RE . NV IR HAh
R 15 SR PR AR AN i 5 5 B4

BB JGRTETE A, AL B AR NVOAI NV-EL0 A PL S 54 R L3R ANE Ul &
Jii s NVOFINN-Z 2R A 5 T AR Bl 1R R B Ty B ks, 150 IR K BRI S 1T+
et NVAACMER. B 3 A 1AL, A FESTERE RS 2 1B K FE ) 3R 0 o
F B AESIONV MR, R C LDRGEAF TSN ERE SR NV Gl A600
FES T R R, EERMT 575 nm &b NVOMSHIXTHES, HAg3,/As, s IHAEHEOR, K
HAZEUEAREMRRE N A600 FF & B 5 1) NV-4axt Lhpl, AT A NV i,
GEMERAE A A S, TR E BN AT A . B KIRE TR, AL BFE
a1 NVOFRI NVROGERARIE R, H R BAA TR, UEHRS L AR JORE BRI NV K
SRR, FIFEK T NVARXS T NVO IR B 13X 0] B 5 iR KRB 2 A5 C
OREE. HREARIOLEE Y, HoR /B tMER S A . X TRE B FEf, NV
FHR RO GRAAARESS, JuI 900 °CHI 1000 °CIB K J5 NVAHXTSREEAE, VLAY C LEVRFH
THLARE I BT, RIS 3RIFITRE 68 0, NV-[IFE TE BTy 52 BIBR il o
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gi b, TRRRAS & R RIR KR OR T ENIA T NV B, (HiZE T 2R
RGN ERMEEERE. #1h C LREENREN 25 NV OBl 25 &R
ot RE . AUEE R AR AR KR, FTRAE SR NV EAOCMIR, (EARERD it
NVHIR T NVO R IAOC IR . 35 Bt 5 NV GO R G0, R A
FAIR KRNI, I 5 ZEAE R AT T A i ) AR S R P DR 25 A R sk B 7 5

2.3 HPHT T IExT R BB BT PaVI S R L NV B0 RYIEE

YRR, BT ER KA SRS FENIA NV BB, HiZdfEE
BUR A SN S ALER LI TR E YIRS EIOFES, FRaiie s B iR ki
FE BRI 5E NVO R NV- ROt (B R ARFEIESE R, MR I8 KGR LR R . 3xX i B
R ARy S DA SE NV s R 63 5 A0 NV & e N4 T o A R T
NV 0 [T R FBAT 75 20 A0 A2 B AT 4], IRk T4 BRATRE S C A AR
RAS . BLARBRRE AN R IR 5 i AL (R 1 e IR AR SRR S o

AL, iE—2D 5] N HPHT FlAbEE 1) H 12 75 F 748 FE AT R 4% Sl A, FR e 10 Z0R DG
FEARAS AR A AT, TSR S 2R S A7 3R . BRI E A AT I B 2 .t TIRA B
R NV SRR SS, HMELLIEMT > % HPHT THALEEN NV A0 B fras b i sem, A<y
R A FEMTE NI AN G, A FERZE 5 GPa. 1100-1900 °C T A#IR 1 h, iR AIFE 200
°C; FEfbic AN AP1100-AP1900.

i 1130 1280 1332
1130 133\2‘ 1344 Diamond CO, NN S
N 1280 % 1450 S
N 134
] - X7 AP1900 \

AN AP1700

d___,//ﬂﬁ\f\dwﬁﬂkq__
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A0 ’/\‘L

1000 1400 1800 2200 2600 3000

Absorbance (a.u)

Wavenumber (cm™)

] 4 HPHT M IR AR AR A A FE i FTIR J6il, A7 BN ZE & 1000-1500 emet X 8] F &) OR8]
Fig.4 Infrared absorptien spectrum of Sample A after HPHT pretreatment before electron irradiation. The right

panel shows the enlarged region of 1000-1500 cm.

Kl 4 A FERZAFIRE HPHT FikbHE 5. M TR AT FTIR i, Hd 1130 cm!
Al 1344 cm! PHEWRIEE S 5 C OFEAMIE, 1280 em ! BT RULIEN 5 A OEMK. BEE
HPHT FRACFEIR B 1100 °CTFE 4 1900 °C, 1280 cm-! B W IS I iz it i, 358 W8 e 1)
HPHT FACHE IRl GEAEHE 7380 C D&M A DR, 1Z45 %K, HPHT FAbHE 5L
7E L TR BT 528 1R S I R SRR BERAS . TR FR 2, RN G S NV O Tk
HAXNELW, — M, CORLEENV O ERERIR, 2k E NV-O i EEE
T FHEA LB A DR, WREAD G5B E AR NV G 8 E, JF
BRI s TR RE )1, B — 5T, HPHT ACEE B ] RE(EE 300 R 24 B pa . RN/
RN AESE S B A RO if b, NI e Ja S 2 e B A fr A B3R 5T . [RIk, HPHT kb
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HEX B NV ROGHR LR FIFZA AR 1280 ome! WEHG 5 S Ay, 2055 AR W] 2 A
NRREE . SR FA A R AL R A T A 45 2R

(a) b
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Fig.5 Raman and PL spectra of Sample A before electron irradiation after HPHT pretreatment: (a) Raman

spectrum and a local magnification at 1332.00 cm™!; (b) RL speetrum

BATEN X Lo dE BB AT RE S HE4T 7 Raman A1 PL MR R BHOR 7 &NIA Eik
S FE B E A L NV . B 5(a)f) Raman &5 5L 0 %s \ B EE i 340 AR RE I I AR 88 10 & NI —
B Raman U, ARWEEHN I A AL ELAR SR BRARDCRHAE,/ BT 5 GPa. 1100-1900  °CH
HPHT THALFE A i i A WA 44 A% B B 251k A4S FE i Raman W7 S5 R 7E 1331 cme! it
VT, AR TRAL B 5 2 TRy 22 /N, R ) APHIT AL B K 51 2 v] B Raman W 43 HE 11
RGMETRAR R EAN . FWHM 7E5 = EELE T, A FrR#%, B HPHT A2 ] FEK )5
WGP EUSAEA . B 5(b) PL 25 5 R BRI AT PL 61, SFEM BRI 572.5
nm P )R —Br Raman BURIE, ARMEEEIIT R K 575 nm NVO #1637 nm NV-[f] ZPL,
WARMHE 741 nm 1 GR1 055 . XK HPHT FACEA S R B~ EKE NV B
O BRI,/ SR A IR K JE NV RJEAI R 2R, FENIFKE T
HPHT FACFE AR T 45 B AT EOMIOCERIEIRAS « JRISURE 3 R BE S 5%, AT R FE T RS
2L A A2 R E M BT

Rt — S5 BPHT AREE N, NV JE RIS, AR SO TR A A BESLEs . 28— 2 [H
SE HL TR R S 4B A0 K %61, o2 HPHT FACEEIR . A FEdhSEE 5 GPa. 1100-
1900 °CFiBe INChe, FfJG AT HL TARIE RS —7E 800 °CREAIBA 1 h, FEAWS N
APA1100-APAT900+\ K4 HPHT TilAbEE, (HZAH A B FHEREA 800 °CH AR K A800 #F
d A AR S AZ S8 T EL A AN ] HPHT ARBERR BEX G 82 NV L0 I S R FI I .

5 FERE HPHT TALEES4E 9 5 GPay 1900 °C. 1 h, [ )57 A0 [F7& o 4R,
Hoh A fa 22 B 1B KRR 600-1000  °C, #5495 AVA600-AVA1000. %3556 H T X 4>
HPHT Filab BN f5 22 2518 KAE NV (O Bad A2 A FIER . APA1900 5 AVAS00 X
AR E AR EE 254, B 1900 °C HPHT FliAb#——r FHEHE——800 *CE =SBk, AFE—FEd
B, FoaaE T AT, SERFELTSIH.
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Fig.6 Optical images of samples subjected to the HPHT pretreatment-irradiation—an?ing process
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HPHT pretreatment ) 7 ) Apparent charge state
Annealing temperature Residual stress
Sample temperature ratio
() o, (GPa)
(G(0D) R
A800 800 0.451 3.35
APA1100 800 0.964 0.47
APA1300 800 0.606 0.51
APA1500 800 0.416 0.85
APA1700 = 800 0.470 1.45
APA1900 /X =1900 800 0.310 2.58
AVA6¢ \ 1900 600 0.355 3.39
AVAT70 1900 700 0.383 1.15
AVAS800 1900 800 0.310 2.58
AVA900 1900 900 0.370 0.44
AVA1000 1900 1000 0.389 0.58
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Fig.7 Raman and PL spectra of samples treated by HPHT pretteatment, electron irradiation and vacuum annealing:

(a) Raman spectrum and a local magnification at 1332.00 cm!; (b) PL spectrum
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Nitrogen Aggregation Induced by High-Pressure High-Temperature
Pretreatment and Its Effect on the Apparent Charge-State Ratio of NV

Centers in Diamond

LI Weijian, CHEN Ning, WANG Hongwei, WANG Hao, ZHAO Shixiu, PAN Yilong
(Institute of High Pressure Physics, School of Physical Science and Technology, Ningbo
University, Ningbo 315211, Zhejiang, China)

Abstract: Formation of nitrogen-vacancy (NV) centers and their apparent chargerstate response in
high-pressure high-temperature (HPHT) type-Ib diamond were investigated., Effects of the initial
substitutional nitrogen content (C-center nitrogen), electron irradiation,, vactumsannealing, and
HPHT pretreatment on the photoluminescence behavior of NV centers were’compared. Two groups
of HPHT diamond single crystals with different C-center nitrogen“contents were subjected to
electron irradiation, vacuum annealing (600 to 1000 °C), and HRHT\pretreatment (5 GPa, 1100 to
1900 °C). Fourier-transform infrared spectroscopy (FTIR)/4 Raman spectroscopy, and
photoluminescence spectroscopy (PL) were employed to analyze nitrogen aggregation, lattice state,
and NV-related photoluminescence responses. The resultsishow.that high-nitrogen samples exhibit
more pronounced NV-related emission, whereas irradiation/induced vacancies in the low-nitrogen
samples tend to remain as GR1 centers. As the vaciiniy annealing temperature increases, the overall
emission intensities of NV? and NV- increase, while/thé apparent photoluminescence response of
NV- relative to NV generally decreases. HPHT pretreatment does not directly generate a large
number of NV centers but promotes nitrogen\aggregation and modifies the apparent NV-/NV?
charge-state ratio during subsequent irradiation and annealing. These results indicate that HPHT
pretreatment can serve as a preceding processing parameter for regulating the initial defect state
before irradiation and the subsequent apparent charge-state ratio of NV centers.

Keywords: diamond; nitrogén-vaeancy (NV) center; electron irradiation; vacuum annealing;
high-pressure high-temperature pretreatment
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