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JiE AR S AN L 1 BTR o 3k 2 10 4R, (0 A B A k2 SAH DT (microwave plasma chemical vapor
deposition, MPCVD) 2% & Fl S AR 1 L 2 U8 B KHE A, SE30 T EAR N ZOKZLE] 10 A1 15 em HEEH K
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Fig. 1 Schematic diagram of chemical reactions in the CVD synthesis chamber!*"
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SEBR R, BT (100) AN E A K HOR E L SR AR RS TR e o, Wik, ST
FE . A R R A R R R AR R R B L T (110) TS T O TS L SRR 2R 5 R R R )
FETIT %, Shimaoka %502 | H] lift-off T. 253845 T 7 mmx6 mm & 5 5t (111) H %}, Raman 1 55 {1
K 2em™ BLAR, BTSN . AR AR RSN FI A K R, Sl R AL EE SRR IR A
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Ma#) A=K SECRIME R RS — 2 BEAR, $LAE N 10°~10° cm™, Tallaire 5™ F| F & & 5t HPHT- 1l a
RIS I AN, (b 35 AR T AN AE )2 47 468 28 B RN 2% S 55 % . Ashkinazi 5512 3 43 £ 1 8 AN E A Y640 b T
Bt REHINT T AR 2R S OO B g8 R BE RS2 . CVD A Y 2 TE T AR AU B AR X T i
R E SCE L, AL MR X LS B 40K 2% 1T, UL, Liu S50 220 i 00 40 2 B Eos n T
T2, e sk s THLRERE /N T 0.5 pm ., S RIE R 13909 i & 5 4 WA & 1m0, M Beahin T, S ik A
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By, i R kv | A A Ab B A T BT — 2l A U4 6L
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Fig. 2 (a) Phase diagram of carbon™"; (b) schematic diagram of diamond growth
via the temperature gradient method in an HPHT chamber'™!
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H R, =32 2 v i AR kL B VA AR A B A K sl 2 A5 vk, ok v R e R R A A NI Y
afi B SRR TR . Zhang 25U B BFSE 2 W, HPHT J5 38 K RE A 200 5 B I 7 . 458 7 4% 5 55 14k
B, M = bR 2800 I B AN R N A B R, e IR R R A A IS AR T CVD ik,
Al R /NRSE L i A WA A RS R 7 5 [T, o ek 5 1 7 T 4 () AR AIE B o 4 WA AT RS,
PR L [0 A 10 e 2 L IS 5 3 R LA b 1], AR B 02 CVD AMIE A K P BEARE IS . aX —fL #4254
THHNE 2 B 45 5 T, T e D 2R RERS 12, Tallaire 5™ (% LU AFSEIESE, %1 Ma B (iidkE Tb &)
HPHT # I E4T CVD SME, 0] 5 2 B AR AN )2 o0 0 (57 5 RN 2% S A e, DA TG A5 B0 400 S A o 1 e B

Zi LTk, HPHT AR 4 WA 4 I AE R A S5 i 7 . o 105 8 SA00 TR . A PRI &6 5 g 1 L
AR H AL . HPHT B AU R4 CVD AMNE (115 B fp 7, W3 B s e 2 0F . 70 ATk
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e WO S AINE S S S A T PR AN 4 KA A el HL A B R B L . HFCVD 738 1o
1o R 4 R 22 R SR A S PR TR, 16 A ORI . 2245 & KA TR . A s R B A T B AR
fiX. TEHE O K, &R L2258 A 850! (0408 205 A%, S0 AR BB R 43 A A
¥, 5y B e 4l B R R, Ohmagari 551 L4 T HFCVD Al MPCVD i, & BLHT# 6 H T K
TR 22 )2 B R 22 P i, 2 48R, T e g B T3 75 R FE MPCVD % .

PR S WO B T 0K K 2 A WA R AL 2%, HL T A5 0 4 WA R 38 sy BR Tk
KN 2K G, ELAF 7R BRI 45 1 55« 4% 05 i o 28 88 v 2 [ . VA AR AR, (Pl T b A o L 4
JE 5 S5 A0 SE BE R ORI, X 285 i H RTATEXE LA I 2 5 R G A E R R B P B R U 141639 HFC VD, 1
295 R WOE R R RS A S5 40 . DR L AR B A By T HL A — s e 3, (L7 v ity 2 S A0S 43
B, CVD LA HPHT IS KR M R T T8 . Aok, g R AT AR . REIMNEME & L2285 FHA
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14 1L FH 25 1)

14 BRENAFRIEE
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T MR ARG (Ta B, HOSASE b, S PEAF, & 7w as £ . CVD Rl At & ) B4
FECT MPCVD ] R AW e 08 138 A1 ok s 65 38 1) B o, BB 2% 5 L0 P50 R0, 18 0 T > AL o
TAE BN A U, SME R SRS, (RS B, EL Ak T B A R HFCVD T2 M A
JEAAR , 385 T IR TR RR RS2 R A2 5 540, {EL Gl 2 R e 4 8 32 SR T 220 R 22, LA AL T ) S
Azt SR RS TE ASARAIG, 7, (BT AR 2 N K R 2 B L AR BRIE 2, AN A RS
SELGN I, ALGE T BERE . WIS | AT 2 SR Tl U
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Table 1 Summary of properties of different single-crystal diamond substrates

Method Cryst.al qua.tlity/ Purity Defect df:znsity/ Typical application Ref.
typical size cm scenarios
Single crystal, -4 3105 . .
o . N content 0.1-107, 10°-10 High-power devices, quantum,
HPHT  millimeter-to-centimeter i . . . [37-39]
Ma<10 (Il'a, optimized)  cutting tools, CVD seeding
scale, up to 15 carat
Single crystal, 10710
millimeter-to-centimeter Impurities<107°, . . High-end semiconductors,
MPCVD . (high-quality . i [40-41]
scale, up to N/B/Si well-controlled . quantum, optics, epitaxy
epitaxy)
30 mm*30 mm
Sinele/ol al Large-area films, composite
) .lng ©po ycrys. b Impurities at 107 level, 4 e structures, thermal
HFCVD millimeter-to-centimeter 10°-10 [42]
) affected by filament management, some
scale, thick films . .
electronics/optics
. Poly/nanocrystalline, . . . Abrasives, polishing, thermal
Explosion . Higher impurities 6 1ns )
micrometer-to- 10°-10 interface, large-volume [43]
method . (N, H, metals, etc.) .
millimeter scale industry

RGO, B A WA A RS 1A 2 45 7 35 AR 00 s (1) B A 2% ity 1y PR X A B o RS BB
i B2 S AS B BARBESR ; (2) 5% & HPHT 5 MPCVD 77 v 3K 45 4 h Jo e 8 vl e P 7 s it
AR | T BORS B A S, eI AR AR ST B AT AR % HPHT £ CVD AMEFLIK; (3) X F R, J2
JE 52 A 5 F RN AR SRR 5, TR A HFCVD 36 4Rk s (4) 35 125 4 I A 3 A A i R 2, S B A
TR 5 AMER TR, (5) BB EK T EMEARBEE . P Ak DL R 82m T 2 2 1,
B AP Ak 7 S

JRE A, B A RS S B T AR A RFSE i, 5T HPHT 55 MPCVD 1 5L 5 4 WA 4 iS22
S KR AR AAS R A B, 12 A N SR MORE DR T R TER . e T R IREM
RS 2 N o SRR AR A B4 IS R, 4 A 4 A7 SE R PR R ER TH 5 7 b Ak R A e 5
FLAl

2 ETrRZERA pn BENAFXFE
21 pEENAFIE

p Y A B AT B DS SRR T R O R AR X T p BB IR WA, HATATS
RZIEBBAENIA . BAERHENER IR, HEINEA 3 T LB BAGNIA 80, ik 3 i

W
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N, TE B BRGNP, B S HUCERAR TP Y C 7 #E A G WA 454, B 15 8 Bl 3 A ERaE 4B C sty
BLEESN, b 2 AR AR R A A AR R TR 23 O TS 5 el e, el B S -1
EREG(ULIEL 3) o Ml i L T8 5 RO %% ERES, BE 51 A2 7l . LGN 5.47 eV 1958
A, Z ERER S M TZ B A (29 0.37 eV)IRE T2 X B IS RIE . i T BIRTFFRS
C AL, & T AL 7 B A s, i) 52 2 REZAE &5 i BV AT OIS 23 0%, S8l p Bl . 482%
W JEE LA R R 23 O P AT R 58 FEARAB 2 i R BN ST g p TR0~ S A T AR = 4B A I, BB 45 F 3 f
BT aEE, SRR T 2B SRR p BENIA RS SOE R Z IR T A BEE T A
T e B4 45 22 ol A 2R o e R T R B 4 W P B BRI 23 ST RS AR AT IK 107 em®/(V-s), {HLSEBR a8 1R A9 25 X
BRAT A H R T 25 B RHBR B T AT BT Rl B ad R 52 SR TADIR A | 28 oA | SR B 2R RIS i, $8%
Y o) PN 2% BTG A 3 B e WA PERENY . BRI Y 32 FE R GRETR, A I 3 B A8 OO B
B, DAL, B AR 32 T REGL  $RTHBABCR NS 7T RS R I p LG NI BIFSE (A% Ok o TR 50,

o0 LN ] LR}
0 0 0 . Conduction band
L] L] L ] L]

o0 LN ] T e

q E

: g K : (5.47 eV)

') X oo O O O O @ @
. . . s vy ¥ JAE (037 ¢V)
. . . . ‘ ‘ o O

.o .o .o Valence band

[E3  p BIGRIA M2 BTRESRD
Fig. 3 Impurity levels in p-type diamond'*

R B Ah p 248 A% (4 AL, Mg 45) BE Bl AT, (HRACR AR E YT A & B, 2R TS & iy . 4802 i
ST TR A 4R T B R S m Bk — 2B ARk p AL WA A A e B S AR E 0, R, HAT B 84k
S p AU NIA I RN . CVD, HPHT, B 11 ASE 2 Fh T 2254983z v, Hed CVD RIFTRS
PR e B AN S PE O BB KT, SR B M 2 F T AT RE RIS PR RE AL AY p B 4 M7 2 3
K. Xia #5023 HPHT 35 AR BT CVD 3l & 19 B 2225 &N, 458 T 107 em ™ Ko S 8070 1k
JE, AT R 0.01 Q-om, B B4 EE T AT G 5 25 7O AN G 38, (B 5 H B 220 R —#F, |k
JES I AGER BB | A BT LR, 2 S BU R AR SRR A S G RS Y. B B AU A i A P T
WA G R AR G 2 Y AR BB I, B IR T A SRR S5 TR L 32 ERE K
SR AT T, REAEE M B OSSP R AW E T AR AR S M A S, T RE R EGE R AY, 5L
Brifil %, BB A% 40 A | A BT A A 5 A 2 BT (A0 N HD) B[] 4 FE6E B PR R S el 25, PRt 753 1o 22
Fift J5 A 3T 2R,

G WA p B SR DR AT S (0 s iR v ) SR8 B AR o R B 3 17 e, TR T — A - i 1)
B o TE R il D AR, p BB RIAG p-n 45 A . R N A T L LR A R o L TR HRL IR
o5 AR 7, AE RS A H T DU AR L A EE . B0 A8 S s b 37 R 100 B B I
A1 TR 5 1O H R 45U 2, HG R R I8 P R (R HOE R AR 8 L TR SR A
18 7 ) 38 SR AR U I AZ O RHO 0 FE A 22 AR IR T v, p 46 WA H A PR HG 58 A2 1 1T AR
ATCHLIL | A2 A AR WA M, TERRBE I . BRI W | DA A T S5 U e L5 3 150,

TE = OB A« TP 2R GEA% St LA S g /i B A% SRt A5 7 X4 A 40 358, p A WA G A AL 5+
HIA R, s R TR IE 3, Tl 2o R ILB e MR I TREOR, DF58 N DL REAE A AL 5230 p Al
WIS n B NI A S NI )Y 2 A SE AR 2 SRR S SR R X p BB NI 7E B TR R Ab
TR AR R B DL KR B A R AR v 8 O T R B )R 1 s ) ST ) IRE, BB % 4 NI A T RE TR L
aeff . mPERE R . ORI R R I A i A AR I S S5 1), TRV A TR R R 0,
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SRR X p BB WA S A BT SIS TR S, (H S HTAT A AR — R I RL A S TR A R i
o BE, BRI Z EREBRAIIRM TR, 2= /RS AR PR T W1 32 BR, 3 0 & 01 09 52 B o Tl A
THEET . BT R, i B A BRI I T A O, (ER R RE SIS S LB L ) R A
B, SECIH R TR AORHTRFEAR ., A F— Bk AR 22550 eAh, SRR A0 20 | AR oA 55 1]
AT 9 AR KB g o e 2 B TR B PR P AL R AN 08 52408, 29 T AR RERY DL ML 23 o] o A
Z LR IIB IR A RO RES | P2 s R B, (BB IR AR vh e BANAT DR [R) A L 42 2 i e o I B A
189 30 7 27 LA R 5 g Qs o4 o) S5 L ik ) AL AT 155 R GEWIETE o R ZR B Z T B A2 5 R00% L TR A IE
BCHILER DK 2% -5 i kB 1) R A P 2 SO B, EAR DR E T AR S r R A5 R AR E Y

TEf R UZ T, p BN 5 n BUG NI G Jm il 28 502 35 00 S ) 3 PRE TR L KT
FEAE . BT B A TR S8 A g o eI IR T B SRR, A BT RS | BT I g AR o 8 A X
PEPERE N5 fir A DR o R R A 2 D RE AR 0. R DAL O R S PR 5T A o, B TR L SRR 4G
HRIHT 5 T2 AT B,

BEAh, ST p B G WA 4545 B T2 R 5 AR AT A 228, 136 At B 20 B | IRk
AR AR R AR ROk, p BLB WA AR S R AR AT 55 AL TR EREY
BLH A BT . s BB AR R it | R T 3 2R K R B TR T | MO PRI R AR R T SRR
A o IX LUk A0 A D, K 2 T 2l p B Iy A DA S 38 4 G 1) S B N 5 R Mk Ak, A i
I DR T BRI R T AR R SR R A AU AR SR
22 nBERIAFEFE

n B S O —JE LU 1O RO T 0 AR R BN R T B R ANE BT RO 4,
S B FF A A2 B RO T 4 AR B T (I ) AT 88 2%, LU 48 n BRI N 4 i, P T
BN ST, BRSO AR AR IR A E A, 22 M — AR T IR T RS
AR, RERE I 2 28 U1 IR A o A e 7, N2 5 S . X —d BRI fE A FIrsI AT —
AT 2 REZL, AT T A A RO 2 T I B RE R R A, S R RE A5 U 9

Conduction band

:: :: o o i i : ._LAE(O.57eV)

p 2 o 6 & _ __

(5.47 eV)

@:@

L]

LN ] L]
=
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Fig. 4 Impurity levels in n-type diamond™”

5 p BV RIATAR L, n B4 NI 1 S BEMERE A R, H R CA /D BORIETEAILAL 12 i 4 3 B AT S S e
PERERY n BB NI o ARME G RIA AR, p/n B NIAE SR SR RIE T o RSB 2, SR, 41
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i, n BB I0 R S C T 1R 7B fAL2E 0 R, FEOE SRR & L 3 AR, wE DL vk B L35
Hu B A G W PR S 254

R ff e T L3R [n) 8, P AR B A2 22 o0 R AE & WA HIE B il BB ER (W P 257 0.57 eV),
T8 T RE S SRR, B BUTE IR T A SR T R AR A, BRI T S BR AR A M . R
n RIS 200 H T 2 R TR B4 CVD, LUK 245 A B T2 (Canal ok R A K i 45 ), B 5
FIARL )| 6hFE . B4 A5 ) O MR 4% AT A 9250 I BS, AR A WLA B4 (L) . 89 (Na) . &
(N), £.(0) . Bi(S) . B (P) Ffh (As) FEIuE Yl 345 n B G WA SR . Hod, 7 T4 KA RIBRAY Li, Na %5
DI HAR S, A AE R n BB, N5 C R RSH T, 285 38 A 4 NI B s B R
FARABL, SR N 22 RAERAL TR T 1.7 eV, FENBHENAAEZER N ILT AR SR ETT,
O 7% 4 NI 1Y L 14k B2 AL RS SR AR K, HL O fIMATE 600 °C LA LR K5 &0, i, O R W AE A
YER G WA H ) n BB 45050820 S P As 3X 3 R T ZEAE 4 NI PO Bl 1 44 B RE GUAH AT, SR T S £ 42
NIF 9 i B2 i I T P, WA As B IR TP AR K, S 30S. As WARIE G n BB J 5|50 2%
b, PnEEHARAE NN A n BB AR5,

P 57 & NIA 0T 5E B2 b Tl CVD s m il R SE T2, 8% P IR T AR U5 A & NI s
HB PR A G WA A SR, TR i T REZL (29 0.57 eV), BIE - REASTE B I T $0E L T kAT
i, MIITSEEE n Bl . SR, P YR 7 RSHEOR, B4 ™ A it 2 BE AR, S T s F I .

W 2 P EHE TR, i CVD K3R48 1Y P 18 2% & W38 5 ] DLEAT s B 4 ik 1, 7EAR Z 0
FEHL P ARIEC LR F) 10 0 K. SRR L fF 55 o, 3704 i th T S IR 8000 7 1R RAIK, Jo ik i
Ao B IR BRONE R AT ARG I, B T LA A A R A A I L R AR TR, e R R GA F) 10 B
Po FWBOFFEREMRE KR, 76 10°~107 ZH], 2 TE S BB AN p B4 NI AH ELLET, sl
o il R R VE RAR G P 1524 n B4 WA 4 L2 M AR 2, LA R R VR BE AR 5.59%10° em”, & il FLRH
R 3.56x10° Q-cm, T8I T 5L B R FH AGBRAEC S 1S ax — [, DO )1 A2 0 i A P R T
Tk e AR O, A0 TR R BT X P 5 A WA R R e 22 B A B R 25 S, R R R A5 1 (15 GPa) 4
/NP CIRFZ B EFRSF 225 (78 15 GPa U FE T, PJRTF5 C T2 ] (R 72 48 22 55 A JFDR
1) 62% FEARE] 34% ), WA THT (5 i i 7 0 75 B b itE A & WA 1) i v o T AE 2 A A0 9 o, s iR oo P 3 1Y)
JEJXA 5~7 GPa, TEWLE N T, P 5 C BT ZRIB IR T R 2258 47%, P, 1% 5w i e v X
DLARAS 5 B 1 P 4B 28 G WA 2 SR . OF e Sl R A5 EF T, 37l A4 WA A% v 0% PR T ik ]
BV, (A B v R IR BRI T LB &2 & WA A% il T P IR T8 4 il R i S5 A sl fl . X b 7 ik
FIA 0 P B2 2 RIA L S, P IR T BE 29 10% em™, #6305 HRTHGE 19 P 82 4 NIA b iy & K38 24 ik
s SR TR AT LA B2 10" em™, SR AL PR 2 Q-om, J& H T P 544 4 NI i E i /)

#2 PEBEERIAMEE
Table 2 Properties of P-doped diamond

Doping conceitration/ Resistivity/ Mzobi{ilty{ 1 Carrier. concel}}tration/ Doping methods Ref
(ion-cm™) (Q-cm) (em™V 's7) (ion-cm™)
2.3x10% 9.26 CVD [87]
1.2x10% 42 CVD [88]
1.2x10% 70 CVD [89]
3.56x10° 313.27 5.59%10° HPHT [90]
2x10" 350 1x10" CVD [91]
4.8x10' 1.8x10° 1x10" CVD [92]
2x10" 1060 110" CVD [93]
7.07x10" 0.83 2.78 2.72x10" HPHT-TD [94]
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HEe S5 2SR EL), EEERET, HER T Fig. 5 Temperature dependence of carrier concentration
TR RALEF] 1012~10" em >, [RINF, S0 B3 25 of P-doped diamond films grown at Vcy, /Vy,=0.1%
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WFFE RN, 2R IR I n] LLad i 2% o 22 18] A9 AR ELA TR 39 e 45 4, b TR] 9818t 2 e 4 . 4 il 23k Jo
PSR R AMEE 0N, AT AT B i o L 300 SRR R . A, T2 0 R B 2R IR R 9 SE PR CR AT
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2R TR AL A Jg, 2003 3L 2 AT BN 1 5 R M RE n 28 B < I 1) S BB R A

H e B A n 2R WA o SO LAUSRAS, DAL, 7R H TR 2 6 WA 2 AR A SR, n G 1
A2 S AR A, AR T2 n-MOS 45 | G NI p-n £, (B A P RE R 22, 30 TGk 1k B S B 1y
Ko PR, R R AY n B My SR B i s AT O B R R X — 4T 5 ) R v AR

(a) (b) 200 um
L, L, Ly

Source Gate W Drain
Ti/Pt/Au Ti/Au ! | Ti/Pt/Au [P]: ~10 e
n+
n--epitaxial layer (600 nm) [P]: ~10"7 cm3

HPHT diamond {111} substrate

3
Source Source

Bl 6 HT P 1544 n B4R MOSFET: (a) MOSFET 75 &l (n4: Wil 7 2 1 T AR5 F
e e A FELBEL, 42 W7 )2 PRV IED) 5 (b) 42 W1 MOSFET )25 Pl 5.0
Fig. 6 MOSFETs based on phosphorous doped n-type diamond: (a) schematic of the MOSFETs (The n* diamond layer

is used to reduce the source and drain contact resistance, and the n~ diamond layer serves as the channel.);
(b) optical image of the diamond MOSFETs!""!
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Development of Diamond Semiconductor Materials
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3. Sichuan Engineering Research Center for High-Density Integration of Broadband Microwave Circuits,
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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 development, requiring impurity
concentrations at the parts per billion (ppb) level and extremely low dislocation densities. 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 Schottky barrier diodes, have been successfully
demonstrated. In contrast, n-type doping presents a fundamental challenge: potential dopants like phosphorus
(P) and sulphur (S) possess atomic radii 35%—57% larger than carbon, making their incorporation and
activation within the lattice exceedingly difficult. The ultra-high pressure and high-temperature diffusion
method, which modulates this atomic size disparity under extreme pressures (e.g., about 15 GPa), emerges as
a promising new pathway towards achieving shallow-level n-type doping. Concerning surface terminations,
hydrogen termination induces a high-mobility two-dimensional hole gas (2DHG), whilst oxygen termination
enhances interface stability and provides chemical passivation. However, their thermal stability windows
(approximately 400 and 600 °C, respectively) remain inferior to those of substitutionally doped diamond,
limiting their application in high-temperature 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 electronics, quantum technologies, and high-performance sensing. This review aims to analyse and
discuss these pivotal issues, exploring both the prospects and the persistent challenges facing diamond
semiconductor development.

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

type doping
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