[/ B S S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

DOI: 10.11858/gywlxb.20261113

ENAFFEMRNEZR
FTE, AFH, KR, LR, EBLD, HRA

L PR R T 5 0 B T, DU RR#R 610065;
2. AT RHEERRIA R S A LT, DU RR#ES 6100365
3. VU148 T s L v o T SR R AR FT rpo, DU RS 610036)

O E: 2NAEABREEY. ghRE. B EIRAEFNRRTERE, RAH —RFEFERMHHHLE
K&, ZEHEET. SHAN. ETELEARN ZXE. AMEERLNARZL RSB ERES, H2
FURE FiA+ 102 — (parts per billion, ppb) & HAr 4% EM K. & /E&EIE Chigh /préssure high temperature,
HPHT) %W RETmEESHERE, EXRTRT, FEANFAMHITMR (chemical vapordeposition, CVD) 4h
EWER, WEAARTERELGH 4. £HF#£7HE, BRFERTE CHANEFNR6(%) , FTHAN&%
MRt p BeRA, HXEM4 (WHSE-RE) EREAY. AT nBLEEERAHKL: P. SEEES
FEFFELAT C (ER35%~57%) , BUBNHAHE. EHERRRTEELELTEERTFRTER, RAFE
ZHABEn BB LT RE. KBL T, A8 n  FEedbE _ g3y A4 lRAFBREE, H-
ERREEFED (57129400, 600 °C) METTEHRAEE, RUKEFESMEGFREA. Hit, ¥ n 2%
F. RALmPREE., REARSTBRAAGE LY, UREASPAFFURENZET, ETELRTHEER
EWBL W AH R, AR EEN LR ER#AT NG R, HRITERE RN R ES B 5.

KHIR: 2NIEFRE WFAMEAR; mEEE; nEBE

FESHES: TN304; 0521.2 CRRFRIRAS A

TERFEIIRE R RIAREER, SNIA R TR (5.47 V). m#FEE(2200 W/(m * K)).
i 5810 MV/em) Bl s R TR 2 (TR 2 4500 cm?/ Vs, 27U % 3800 cm?/Vs)
PARAR S 2R e v, BNEE Ll KIDR mlil. A FE T 28 R S T HOR (W BLAR A
B4, 7 EREEOBEIRFE AL, 5G/6G Bf5 . N L&, B T8 SRS w4 bk & iy
5N, SRS RELE AR (SR 705 P2 AL BERE IE H 25 05 591,

B AE SR A TR B S B 45 S WA 1 SRR, AR IR Bual . A, Shig
HIEESH, o R EE G NI AR A 7 THI RS B PED210-12 2 i = I 14 B AN AIE 4 NI A o) 4%
T EAR CVDOHPHT. B&iL. FAMELL R G 3 A K &80, cVvD AR TZR
W AR AT R AT IR A, ATV S T R e A B A A R A 2307181 5 R
KA RIA BRCT ATIA 4-6 Ja~F TS 2K, [RIBSIEAEREE . Sh Aol & S R T AR B T 25 77 TH ¥ b 140
S KSPIRSINANS . HPHT vA3RAF (1 B it S NIAT, A LA o TR 45 s 5 B P R 1) 2% i 25 2
BN CVD AMERIR AR, & 456 HEsh T &RNIA AR P2 b ARs13-101 BREGE iildaE m 22
TERHERE GAEL T RE 2 AR BRAHE B AR TS SRR ED 181, ghabh, BT R S04
RS sp® R E S MNEAR, BRI RS AIE 55 SRR S EFR AL T 37 g B.18.190,

WSk . 2026-06-11; f&EH: 2026-08-11

FEETH : VU)48 T8 I F % e 2 B AR R TR A 0 (BMERC004-2024-09)

fEF i ELE (1998—) , B, BEiRd, TENEFERE n BN SR, E-mail:
2036650041@qq.com

EIER: BmE (1969—) , B, fit, #%, FTENHEEYH. KEEFEERER. BEME L ENAES
RWFFT. E-mail: duanweihe@scu.edu.cn



[/ B S S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

TR p MERIA FERGHIN (BB 3K, B IRFESRIA G T 78 R 6 H, ek
PRAE IR R, BEEIME T2, B BRIKE. WA, TR REMPR e R g,
159 p MENIA HFERE . RN E SRR TR G Wil R AN R R AN WAL . E p BN
A, R REOERE . UK S RE A, ERISMNEZERE . RN 1ESH, LEHRE TH
P PRI S . W n LGN, BT GHTE SRS NIA U — KA. B TR b
BRIVEFIRIE, 4 RZEEEB RN (AL B %) Bl ERegRIR, HEneim, A sH
TFIREWAR, HBmFT#Es FRERTEA L p HENIA. F3En BENIAF, DU (P)
BAREBONE W, (A E R (~0.6 eV)H1FEIR N A RESCIUEBGR T, HAaSAHEE R T
FRfE S RO EEA FRELV2T, B, 4%, BSERNB R A BISERE, AEEfAEEIGEEE. R0
A5 BRI RGN R, AF o BRI BFE 0. Berr s, RBRER. siaE AL
BEEUE SN n B SRR R A TRE v PERI24, Ui S R E T B AR AR E %A
AL BREE CFEE 24, RN n MENIA S HEEYERIE, pn 4. RN
B SRR RS P B S v i I FH A BRI 2124

bR TR 2B R4, R 2 TREAE &N R R b R EE RO M (. A& 04
WA R H 2R e L, 55 2DHG (Two-dimensional hole gasy S#BZS7S4K) R, B
SIENT A RMERN p I, TIZHTHBNE . SRS & PR SR s 2527, &
L JEAHE, BRI WRR, (EXPIRAEEEUR. R MR IR. Tk, AL umeNIA
WA FERR R, A AR ] R R A ) N, ERRESR TSR n B3, BiE
e FL R AR PEAI B AL 7 kg 0280, A P & WA AN (U RFRFH 2 P IR P S, IS REAETRUAR A
B ARSI . PAEEIE B S SR R I MR L . S AT TR S PR R AR A T
&SI 2 T e e B U FEE 4 WA 2 A4 28 A B BT 7 Il 29,290

gk Bk, 1E A — Rt T S E RSO, SNIE L RIER OB AR 5™
NP FIL R DG I ERBE BT o A SO AATER BRI & . pih BB R TR 4a . /48 280 T T S5 A% 0 1) R
K, RGVFRIZSUR SOt RE . REPRE SA KRS, B NG MR AL S BB AR
577 4R 5]

1 BEENAWEGEZ5SERE
1.1 CVD JEHI %09 8 R A IEE A 4 K

e a Byproduct
ReactantGas_ y o o ©as -m
7 7=y Intermediate L
Reaction in the gas Reactant
e N phase . |
= e
4 \ Gas ! Gas ‘ .y
m v | lifiiision Byproduct ‘,\ diffusion ‘ vamduﬁtf,.,/-"’
: . Gas
. i \. . .. t . \‘
Gas \ L 2 \
) ! 3 : Gas
adsorption ; \ ;
N _ . adsorption
\j
0o o%- - !

- ...

Substrate Temperature 500-1200 °C
1 CVD & BB R AL 5 I N 2 KB

Figure 1 Schematic diagram of chemical reactions in the CVD synthesis chamber(3!]
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1.4 BRENAHRAIESE

*1 FE2EENAFRERELE

Table 1 Summary of properties of different single-crystal diamond substrates

Crystal Quality / Typical Application

Method i ) ) Y Purity Defect Density P pp. Ref
Typical Size Scenarios
Single crystal, mm— High-power devices,
geey N content 0.1-100+ 10>-10° cm™ &
HPHT cm scale, up to 15 o quantum, cutting tools, 37-39
ppm, Ila <1 ppm (ITa, optimized)
carat CVD seeding
Single crystal, mm- . 10>-10* cm™ . )
Impurities <1 ppm, High-end semiconductors,
MPCVD cm scale, up to (high-quality 40-41
N/B/Si well-controlled quantum, optics, epitaxy
30x30 mm? epitaxy)
) Large-area films; composite
Single/polycrystal,
Impurities at ppm level, structuresythermal
HFCVD mm-—cm scale, thick 10*-10% cm™ 42
affected by filament management, some
films
electronics/optics

Abrasives, polishing,

Explosion Poly/nanocrystalline ~ Higher impurities (N, .
10°-102 cm™ thermal interface, large- 43

method , im—mm scale H, metals, etc.) .
volume industry

4% 1 P, HPHT 25 B0 e W, SAROE R IUBGRAE S, A% SR Mk 2 W] il
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(2) L5575 1& HPHT SPMPCVID J7 ik 3R A5 1) i ot B A IR A - i - 4R B 7 SR
PRV, AR SAS A ST IR IE HPHT 1 CVD AMESL R
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W% o
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THBEM RSN |2 N o B2 B AT IR £ SN, ROy NI S AR F P BE S T 5 P Mk AL AR
FROLIE SCHLA
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p B SARIE AR I 2 LS IR F N R R MR X T p BB ENIA, H AT
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WK 3 s, £ B BE&NAEY, TR BUACSAS T IR NSNIE S, BT 58 B =A%
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B fAE s 7 BRI, P SRR REIB A e A S NI R BUR i Re R (Al P £ 0.57
eV) , A TR ML, X FEAEEIR A IOE T IRERAC, B R Sebrattn) Sl
PEo B3 n BB %@ % 7% HPHT. &40 CVD, LA E AR MG FE T2 BN 5 1 A 25
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SF S, As BARESIEAN n BB AGEHST, 22 b, PIt& 2 B il i & &R n BB 24550,

P BENIARTIF, STt CVD 8 HPHT4E T2, i 7 LB AT N5 AN S NIA &
Ferpssl, PR EEANSNIAR MR, TERBIRBIREN ¢4 0.57 V) , B LRSS TE sl T AGE
BN T, AMSEHln S H. R0, POLRE TR, BB 4 Mt EaedsiR, =
TR S R

R 2P RN AMEELRE
Table2,Summary of properties of P-doped diamond

Doping concentration Carrier Concentration  Doping
Resistivity (Qyecm) Mobility (cm?/V-s) Ref

(jon.cm™) (jon.cm™) methods
2.3x1020 9.26 — — CVD [89]
1.2x10%0 42 — — CVD [90]
1.2x10%0 70 — — CVD [9o1]
— 3.56x100 313.27 5.59x10° HPHT [92]
2x10!8 — 350 1x10M CVD [93]
4.8x101° 1.8x103 — 1x1013 CVD [94]
2x1015 — 1060 11010 CVD [95]
7.07x101 0.83 2.78 2.72x1018 HPHT-TD [96]

N 2 oREIE TR, 8t CVD L3R P B &R A B F AT LA B WS B KR E, 1F
IRZHRTH, PIBIRECLIEE] 1005 EH ., AKX LR FErf, 85 BT =R B TR R
i, TEIRIE I B RN ATAG I, RIS AT DA b B /R OSSR B TR, e R R AUA
F10PHEY . EREERELRREKR, EALMZ—5THhz—20, E2TEMBBEN
p B WIA fHORT LRs9-92.93-951, Baali HPHT 738131 P 152% n G NIA B2 ERe o 2, IR ER
TN 5.59%10° cm3, iR HPHEEE 3.56x100 Q-cm, XA T 92 bR HIFRAEDD, £ RHX
I, PO R R i JE R 2 T e e R A 00, A SRR S A W AR
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SRIGEARK PBEER ONTARZ ), RFINESRS RS R &R BTG RIEE] T 3.8%.
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A2 G AAROR R R AR JR 7 A1 P <78 et s P85 T A S e R 5 20% 11 S B 2 g

Katamune 55C7HRIE 1 KA HFCVD #EATBES % n RGN 55 B O\ JF KRG T &
IRFEXS B BOR A B AR RERIRZ M o Al TiE L 17 HECVD 12 RN AT BRI &, Sk
T PIRIEZIDN 10" em™ 1) n BUAME L, R /RN I E AR A ndGH k. R R
UGS SR, RIS, SRS R . REBEMIEAERBRE R, BRRES T
i, DLAEE N2 MERRM BN S TERMRR R s, MATH n MBS eNIA
RABL, P AISEBREIL T A RRARAR, 3 BOA RO TIR GRS BEB A0 IREE IR Il LUK
RS B T . W S s, EERIRET, HEUHERRIGER~101215, [, SRE
KRR A AR BAR A, SRR AIE N B8/ BN 20 a AT 3 — 2B AR AL AR 442
b3 HFCVD il % 5 2% n 2GRN A] e 2t IR AL BE,  ATTHE I P I IR R

Temperature (K)
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Figure 5 Temperature dependence of carrier concentration of phosphorus-doped
diamond films grown at [CH,4]/[H,] = 0.1 and 0.2 %[°7]
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HPHT diamond {111} sub.

K6 HF54n BENIF ) MOSFET, A) MOSFET /i Kl n+&RIAZ T BRARTRAR AR )%
fEEf BB . n—&NIAZEFERE. B) &NRIF MOSFET (562 BHE P
Figure 6 MOSFETs based on phesphorous doped n-type diamond . A) Schematic of the MOSFE
Ts. The nt+ diamond layer is used to“reduce the source and drain contact resistance. The n— diam
ond layer serves as thewChannel. B) Opticalimage of the diamond MOSFETSs[%]
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Abstract: Diamond has emerged as a quintessential representative of next-generation semiconductor
materials, owing to its ultra-wide bandgap, exceptional thermal conductivity, high breakdown field strength,
and outstanding carrier mobility. It has thus attracted extensive attention from fields such as power
electronics, radio-frequency communications, and quantum information technologies. Intrinsic single-crystal
diamond serves as the foundational substrate for diamond semiconductor developmeéiit, xequiring impurity
concentrations at the parts per billion (ppb) level and extremely low dislocation/dehsities:While the high-
pressure high-temperature (HPHT) method yields material of higher purity and,superior crystal quality, its
utility is limited by small crystal dimensions. Consequently, HPHT-grown diamond-is frequently employed
as a substrate for chemical vapour deposition (CVD) homoepitaxy, enabling{the\preparation of large-area,
high-quality single crystals.Regarding doping, the boron (B) atom, with”a“size difference of merely 6.5%
compared to carbon (C), readily incorporates into the diamond lattice, facilitating the production of high-
performance p-type diamond. Related devices, such as Schoftky~barricr diodes, have been successfully
demonstrated. In contrast, n-type doping presents a fundamental\challehge: potential dopants like phosphorus
(P) and sulphur (S) possess atomic radii 35% - 57% Aatger than carbon, making their incorporation and
activation within the lattice exceedingly difficult. Thevultsa-high pressure and high-temperature diffusion
method, which modulates this atomic size disparity underyextreme pressures (e.g., ~15GPa), emerges as a
promising new pathway towards achieving shallow-level n-type doping.Concerning surface terminations,
hydrogen termination induces a high-mobility two-dimiensional hole gas (2DHG), whilst oxygen termination
enhances interface stability and provides chemical passivation. However, their thermal stability windows
(approximately 400 °C and 600 °C, respectively) remain inferior to those of substitutionally doped diamond,
limiting their application in high-teniperature and high-frequency devices. Therefore, breakthroughs in n-
type doping, enhanced thermal stability“of surface terminations, and the development of large-area, cost-
effective fabrication proceSses”are critical to advancing diamond semiconductor technology towards
commercialisation in power €lectronics, quantum technologies, and high-performance sensing. This review
aims to analyse and discuss thése pivotal issues, exploring both the prospects and the persistent challenges
facing diamond semicenductor development.

Keywords: diamond\semiconductors; chemical vapor deposition; high temperature and high pressure; n-type
doping
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