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Recent Development on High Thermal Conductivity Diamond Synthesized by Microwave
Plasma Chemical Vapor Deposition and Its Devices Applications
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Modules Laboratory, Nanjing Electronic Devices Institute, Nanjing 210016, China; 3. Key Laboratory of Micro-Systems and
Micro-Structures Manufacturing Ministry of Education, Harbin Institute of Technology, Harbin 150080, China)

Abstract: In the application of the third-generation semiconductors, the power density of electronic devices increases and the
size is miniaturization. A problem of high temperature becomes more prominent. Diamond is one of the optimum heat
dissipation materials because of its ultra-high thermal conductivity and stable properties. In this review, the design principle and
development process of different microwave plasma chemical vapor deposition equipment were introduced. Recent
developments on different thermal applications of single crystal, polycrystalline and nanocrystal diamond were represented.
Some challenges in the industrialization process combined with the 3rd-generation-semiconductors and the development
direction of "larger, purer and faster" were summarized. In addition, the future research direction of diamond heat dissipation
application was also prospected.
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(a) Cap-shaped cavity type reactor, Harbin Institute of Technology(HIT)
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(¢) Cone-shaped cavity type reactor, Wuhan Institute of Technology(WIT)?*)
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(b) Cap-shaped cavity type reactor, Beijing University of Science and

Technology(BUST)!""!
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(d) Cap-shaped cavity type reactor, Prokhorov General Physics Institute,
Russian Academy of Sciences(PGPI-RAS)1*

(e) Cylinder-shaped cavity type reactor,
National Institute of Advanced

(f) Bell jar-shaped cavity type reactor,
Michigan State University(MSU)™*"

Industrial Science and
Technology(AIST)

K1

Fig. 1

(g) Bell jar-shaped cavity type reactor,

(h) Ellipsoid-shaped cavity type
Laboratoire d’Ingénierie des Matériaux
et des Hautes Pressions(LIMHP)*¥

reactor, Fraunhofer-Institut
fiir Angewandte
Festkorperphysik (FIAF)!'”!
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Microwave plasma chemical vapor deposition (MPCVD) equipment and the group of researchers
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Group of Reactor Microwave Power/ Pressure/ Power. Depositional Growth .

frequency/ density/ rate/ Characteristics
researchers type kW kPa . area O
MHz (W-em™) (umh™)

HIT, China Cap 2450 0.6-6.0 0.5-30.0 50-200 ¢60 mm 15.0-100.0(SCD) High deposition power and pressure; High
power density; Large depositional area; No
quartz window etching; Unable to adjust

BUST, Cap; 2450 6.0-8.5 13.0-23.0 72 #50 mm 3.04.0(PCD) Several different cavity structures and high

China[18-20, Ellipsoid; deposition power; Adjustable; Low power
22,24,28] Dome-shaped density and carbon impurities contamination
Cap 915 40.0-60.0 15.0-20.0 ¢75 mm-— 1.6-5.6(PCD)  Large depositional area
$125 mm
WIT, China[25] Cone-shaped 2450 3.5-6.0 3.2-6.0 #80 mm-— 1.8~8.5(PCD)  Large depositional area; Unable to adjust
#100 mm
PGPI-RAS, Cap 2450 1.7-5.0  9.0-80.0 180-1800 4 mmx 12.0-57.0 High deposition pressure; High power density;
Russia & 4 mmx No quartz window etching; Unable to adjust
HIT, #20 mm
China[29-32]
AIST, Cylinder; Cap 2450 1.0-8.0 14.0-24.0 20-30 $18 mm-— 7.8-120.0(SCD)  Several different cavity structures;
Japan[33-37] #26 mm Commercial stabilization equipment; High
deposition power ; Adjustable; Low power
density and small deposition area
MSU, Bell jar 2450 2.0-4.5 10.5-40.0 20-1000 #50 mm 20.0-75.0(SCD) High deposition pressure and power density;
USA[38-41] 3.0-21.0(PCD) Adjustable; Quartz window etching
915 10.0-11.5 13.3-20.0 #100mm—  14.0-21.0(SCD) Large depositional area; Adjustable; Low
#150 mm deposition power and quartz window etching
LIMHP, Bell jar 2450 0.6-2.0 2.5-30.0 9-30 ¢75 mm Low deposition power and high deposition
France[42-44] pressure; Large depositional area; Adjustable;
Low power density; Quartz window etching
915 $160 mm Large depositional area; Adjustable; Quartz
window etching

FIAF, Ellipsoid 2450 3.0-6.0 5.0-20.0 ¢50 mm-— 1.0-15.0(PCD) High energy coupling efficiency and large

Germany[15, #75 mm depositional area; Adjustable; Quartz window
21] 915 20.0-60.0 5.0-20.0 ¢50 mm-— 1.0-15.0(PCD) etching
#150 mm

SCD: Single crystal diamond; PCD: Polycrystal diamond.
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Fig. 2 Temperature dependence of thermal conductivity of the
mosaics diamond made by HIT™”)
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(d) Tilted view of SAG GaN NWs on diamond
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Fig. 5 SEM images of GaN nanowires (NWs) on diamond (111) substrates®*

2.12 BESNIAMEESG  Tuckerman 25°HE
H T AE RGT SrE EE, o] Dos i R G
A DA R P A R SR G I I 2R SR A%
WA =RIE AR ERA AT, 1A
BIRR, diaoniE, KMRETEIRRH, DRK
KB, ARMHTE&NaERIN T, —&H
PR NIA FiE B e R O S e . s WD
WOt K&, Shinoda 25V 800 nm K i) Kb
JAE SR 2 T AN L H 40 nm %%, 500 nm 3%, £ 0.3 mm
(e, I HAZS5 TR ORI AR S NI4T B 53 . 2013
, SuZPYA 1026 nm K Yo YAG BOGHE4S:
WA R T 20 410 nm IRPIBRTE, UERH T 95
SRR IME S & AT T, FHE TR ES
T A (FIB) A B B ¥ ZI h(RIE) 77k, 06N T 4K

AT DL R 7 S b T = 445 K Jedrkiewicz 2507
FET ikt Bessel UGN T8 RGN, WHTECE
Re IS NJHRE, ¥&) 1 RE R R IR S 5 240,
P IE E N A A R A T AR B

P, BFFT BT Miiller 2SR A4 IR
SRR, NIRRT &R &
JBERR, &NIA AR K AR R 2= A i ) S AE IS FE(ELO)
B R, IR ERI REE . Fu PR 4
JEESAT ELO i & e Hum K SE5, it
RSF 10 umx 1 pm, {HEHTF ELO A KK I A&t FE,
BRI 2 T 7, mmshrett. 2018 4, 45
B B A S B TRACP) 7%, 3N T &NIARE
I, ATk 20 pm BAES, Sy SR i 8 5
W, EREBEZEIN, RED. EOL 2



+ 1858 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(7): 1852-1864

2022 4

s WA I CRET TIRABTFS, RGHHT 1 BothE
B OEREE, SR SR ESESE U
T B0 &R B RST SEmAE, oeke i
BRECREAT 000 R S, 0T H AR EE 30 PN s o
EERIARIRES T (B 6). itk PART I ERE,
W HH I Ty = R AR, SR

TR R b E PR ERE R AT 38 ek,
TR T 5 I Th E LA 1 5 s 4 WA it i ik
IR, PORBEANE 138 kWiem?, il T4 %
R R BOE B 267 W/em™ ™ R 473.9~
1000.4 W/em™, 33t o [B B A LE . s REEdE o
SR A B N S BOR A A ORI E R

(a) Top view SEM image of diamond microchannel®! (b) Side view SEM image of diamond microchannel®  (c) Single crystal diamond made by HIT before cutting
6 ARUIEIENIF S AMRIE B WOE 3

Fig. 6 Diamond before cutting and SEM images of microchannel

22 ZEENAMR

EAT, K NIA VR D2 884 i) A 8 ik B
HO&RE 2 MERIE, Hh 8. T af
JREBRHEARN SN AEE, BT ENA BRI
RUTR A R & WA B2 bR K. T A+
ARAER— P ARG AT L2, BRI TRy
P PRI ECAE B A 5] 7). H R G e
—FRAE 800 C kAT, I H KRS w4
NI AR 2%, HRZES MR SRR TEEM
BE TS BV R A ToE 7 R I B
Zm&ENA S Siv GaN. Ga,03 ZHHEREA DL
T R TG LB A (SAB)Y RS, AT KK BRI
TE# S E&NIA AR IK RBC . B Se T g GaN/
S I R IR B - 7 925 1 2 0 R A9 2 K A = (BAE
Systems)!> 7!, JLHE AL ST SiC = GaN Ah4E
JZHi % HEMT #3F, ZR)5% GaN 2 HEMT 1
HAENEI Bk s b, 2Bk SiC A RAES 4> GaN ¥
IR, R F R T AN WA A e in 3044
KRG L s BE 5 7E GaN A4 NI 4 2 il DU g
EMNREEEG AT ATRE SiN. BNL AIN %5), 7E{K
T 150 CHERFERES, 5 2 BRI Bk ol 2%
KRGS N4 & GaN HEMT 2344 o [ DA 5 3 1) 45 1)
B4 25 mm &RIAHE GaN gkt & L) %0k 3
70%, B 5 K Z R B 40 S NI+ GaN &y
e F] 75~100 mm. % BAE Systems #F, Mu 257677
KR IE A VAR Z R KM 27 0om & Si 4 2
il & H & NIA AR GaN & v, SEEL T S 2 654
Fil. & LEARFHWRE T BIEART RS

SAB ARSI GaN ] SiC #H R ERIA LS
T G 2 SR o R I R T A5 ST T B A
P67 m*K/GW)™, dE T, RS
Z3R13 100 mm #F5KT 1500 W/(m-K) NI i,
TEIN T J5 FEAR T AR B A X ) IV R 3R
T ¥ FEE % T TR 5 5 T (R S A SR 2900 7 i
fiti b, R RS ST (NEDD S b R R
AfF, HEZ 75 mm ) GaN HEMTs M 2553
e TR LI L SE o -l s (= R7% 5 9 N U7 351 2 d o 882
KRS H-E T (R AR ALCREL A 2 AR 53 S 9ok DA R e v
BIER MRAh, R RS (ADB)Z 5 —FRA
RS RIR S A BOR, Hp e BT R L
TS 4R VAL, SRS TE K ) T AR B ST b SR T
JHER & RS . Bl Au B BEN AT BUARE
(300 K I 4 3.3x10%° m%s), H R LA ELE,
W R RSB AN TR, Hal, AT
HHW HATH A REE LS BRSO
(TLP)EE & . FHAREEG . SEKES. RERAESE.

SRIMT, TESEPREEAE, DR aehiE s Somid 234
B b AT i A L A B S WA s R,
IR ST 12 T8, RN E AT Z AR R
PARIR TS B2 , e HLIE AT DATE A X AR (i i
WS, B2, HTEEEEH AgSn [33 W/(m'K)]
AT AuSn [57 W/(m-K) | #5 HR HEERIA K 2 AN 0
G, JEREAIERNZEHE KT 100 pm, 251N
RE, PRI AT EEE AN E S 5 SRNIA
JiK 10 Th 2 A A 1850

TR AR R T BAT e IR (< 300 C).



5055 7 H

AR S5 ISR B T A S SO & s 3 FR e WA AR S T a0k .+ 1859 -

BR4E S5 5 (960 C)y SR EE[>200 W/(m-K)]
S LR AP, I, B T R AT F
TTZ N S I ses i B DL Fr 5 & 8 M &
Bt g, R, S TENA, REHERBRAES
M LA G R T, BRI E R R A LA
RANGEHE HF A TR, ZHUE N T heds
BUREIGAGE T 10 mmx 10 mm B 5 /N RS (194 1 %
B BT HAR G ARV TR RN 4
NI RS ACEE, IG5 FHER:, AP RIERA
BH, 7E 220 ‘CHEE LI 7RI G NIAHER SR ST ts
J7(27 mmx28 mm)PMIK 7S A PH(TIR )Rl =y e 45
o Si—ENIAEA RS0 TIR 7/ 500m> K/IGW,
[E BT I5REE AT 50 MPa (] 7). B RIIAESFhHLT
YA B DA RAE RO G B8 7 AR RO AR i &
B TR T AE HE T T A T RN 5

wAK2 4 L%

HARBIN INSTITUTE OF TECHNOLOGY

P

INOLOGY

D
(=]

wn
S

S
S

Shear strength/MPa
[\*) (O8]
(=) (=)

L

S
L

0 I | I | I | I | L 4|
0.0 0.5 1.0 1.5 2.0 2.5

Shear displacement/mm

(b) Shear strength and SEM image of interface
7 Z @RI AR LR e
Fig. 7 Polycrystal diamond bonding sample and mechanical
property
23 MRERIGHR
K WA AR EHIGA — O s A L
aHi )z, Rgias it — R RO,
B3 10 SR P SR T REZ HIE I, {H S FARAK,

LR SRR B AL SR, ATE R R
BT, hEREn— & SRER, IR MR
IR IERE . (RSB TN BB B A SOV Z ik
TER, SR E DR S NI 55 7 ERIR 5%
It AR EWE . AR EERm, SNIA
TS EEE A, RS e s, DR
FHERIA i Z B R FHEE ). BT RIS
AP, KREAREAL)Z TR RE i TPk
T 15 SR R N RIS 2k 2 5 i B A B34 1 ] 5
P, X EEER R S WA Bl Ak 2 ) £ SRR I TR 3

Seelmann-Eggebert %t GaN 37 208 iy 14
(FETs)ZR I il % 9K S WA AL 2 R IR R, MR
P2 B DR L 2% 2 AT, TR TTE
GaN-FETs [ 440 ‘C 2%/ F 0.7 um [ 480 C %A
T 2 pm PR ERIA DR, (EE SRR R TR T AN B
Bo X2 TEMIRAST, A58 FEZmAEH
BrEH U RS, SR spt i, &R
AR ERZE BT RE, B EXREENIA
PBIFTE GaN 28 (R AT HUGA, JFIT .
Alomari ZPV2 5 54 h 78 GaN £ i % H 6.2 um (1)
SNIA R, FIFH Sio, & Si diEE, #7 7 &H
AR G NIA R, 1 UGHT T 2 RE
Do 2 65 22 9206 38 (NRL) ST 440K I 7 558 GaN
£ HEMT &840 K5 5 D2 RHE ST 1 89T,
1E 4 GHz i}, iyt D3 % 5 5.8 W/mm, 34 75 10dB,
THERMINRE 32.6%7, FH T 9k &RIA T
GaN #FIAE A BN AT 7. NRL SR
SR PR ZI A WA R ZREAT RN TP, Rt o
EPEREF= AU, WMPPKRERIAELE 515 SN
BiAL E BT R, 15 R SRR g ER T A%
GUEERIMIEE L o MG /R Tl oK 22 5 vh [ P R A 1A
A IRAT 55 FTEA1E, WH9PK S RIVAE G GaN 234F,
PRI T AR I 2 A [ Rep BB A 7 125, 32Tt T
WIATAZ S B, RBEGRSNIA KIS RS, SR
ZL AN TR MG IR IR K 7 2 KR BRI &R A 5 AL
S S TR SRR 77, 72 600 °C il £ itk )X ~Fr] 4%
AR ERIABHL R, SCls S IERIA R 2R
(475, GaN HEMTs gsfF B ER T 20% (K
8)o MLFN VALK T RE M, 7T il 4% B R
SR RA TR T 2RV, T T A E
BRALH 2 H BTN 1757 ABATAEAEGK
SN TR LB IS R, BRSER A TR
W, A PR RIS 0 R 2 g T AR
o SN BRI S K PERE S



+ 1860 - TERR #h 24 ) J Chin Ceram Soc, 2022, 50(7): 1852—1864 2022 £
x2 ERIABBPECARTERIERELLIL
Table 2 Performance comparison for different method of diamond enhanced heat dissipation
Method Benefits and drawbacks Institution Performance Reference Year
Devices Good heat dissipation ~ Ecole Polytechnique Federale de Lausanne (EPFL), 2DEG mobility: 750 cm*(V-s); [49] 2010
grown on effect; Switzerland Sheet carrier density: 1.4x10" cm™
diamond No additional bonding University of Ulm, Germany 2DEG mobility: 731 cm*(V's); [50] 2010
required Sheet carrier density: 1.3x10" cm%;
Maximum drain current density:0.73 A/mm
Limited by SCD NTT Basic Research Laboratories, Japan 2DEG mobility: 730 cm*(V-s); [51] 2011
substrate; Sheet carrier density: 1x 10" cm 2;
Complex growth Maximum drain current density:
process; 0.22 A/mm;
High cost Thermal resistance: 4.1 K'mm/W
2DEG mobility: 780 cm*(V-s); [52] 2012
Sheet carrier density: 1.9 10% cm 2;
Maximum drain current density: 0.77 A/mm;
RF output-power density Poy: 2.13 W/mm;
Thermal resistance: 1.5 K:-mm/W
Technische Universitit Miinchen, Germany p-diamond/n-GaN nanowire heterojunctions [54] 2012
and prototype LED device
Microchannel  Best heat dissipation Beihang University, China; Heat flux: 267 W/cm® [70] 2019
in diamond effect China Academy of Space Technology, China;
Technical University of Denmark, Denmark;
Complex structures and  University of Science and Technology Beijing, China
process parameters; Beihang University; Heat fluxes: 473.9—1 000.4 W/cm® [71] 2020
High cost China Academy of Space Technology, China
CETC 38; Harbin Institute of Technology; Heat fluxes: 1.38 kW/cm? 2021
Xi'an Jiaotong University, China
Diamond Large area wafer; Group4 Labs, USA Size: ¢100 mm [97] 2010
bonding Good heat dissipation TBR: 35 m*>-K/GW [98] 2013
effect Size: ¢75 mm
University of Bristol, United Kingdom TBR: 80 m*K/GW [99] 2017
High rf’“ghness BAE Systems, USA TBR: 15-60 m*K/GW [73] 2015
requirements;
. The University of Tokyo, Japan Size: 10 mm*10 mm [76] 2018
Complex bonding
process; Fujitsu Limited, Japan TBR: 67 m*K/GW [78] 2020
High cost Size: 5 mmx5 mm
CETC 55, China TBR: 51 m*K/GW [81] 2017
Size: ¢75 mm
Harbin Institute of Technology, China TBR: 89.9 m*K/GW 2021
Size: 26 mm*28 mm
Nanocrystal ~ Low cost; Fraunhofer Institut fur Angewandte Festkorperphysik,  FETs remained fully operational [93] 2001
diamond cap  Large deposition area; ~ DaimlerChrysler Hochfrequenzelektronik,
Simple production Germany
process University of Ulm, Germany; Maximum drain current density:0.4 A/mm; [94] 2011
Alcatel-Thales I1I/V Lab, France; Pinch-off voltage: —-1.4V
Limited benefit EPFL, Switzerland,;
University of Lille, France;
Research Institute for Technical Physics and
Materials Science, Hungary
U.S. Naval Research Laboratory, USA Output power (Poy): 5.8 W/mm; [95] 2014
Peak power-added efficiency (Pag)
of 32.6%
Pulsed Ips and on-resistance were improved [96] 2016
CETC 55, Harbin Institute of Technology, China Current density increased by 20% 2021

CETC: China Electronics Technology Group Corporation; 2DEG mobility: Two dimensional electron gas mobility; TBR: Thermal boundary. resistance; FET:

Field effect transistor; RF: Radio frequency; /p: Drain current.
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(a) Photo

(b) SEM image
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Fig. 8 Nanocrystal diamond capped GaN device and SEM image
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