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Effect of Doping on the Mechanical Properties of GaN Crystals
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Abstract: The study of the mechanical properties of GaN single crystals can help to solve the problem of cracking in the
growth, processing and device applications. In this paper, the elastic modulus and hardness of GaN single crystals with
different doping types (undoped, Si-doped and Fe-doped) were tested by nanoindentation method to explore the effect of
doping on the mechanical properties of GaN single crystals. The test results show that doping has an important effect on the
hardness of GaN single crystals. The hardness of Si-doped and Fe-doped GaN samples are higher than that of undoped sample,
this conclusion was also proved by the comparison of heavily doped ammonothermal GaN single crystals. Through high-
resolution X-ray diffraction analysis and atomic force microscopy characterization, it is found that factors such as crystal
crystalline quality and contact area have less influence on the hardness of GaN single crystals. The nanoindentation slip band
length and crystal lattice constant of GaN surface were measured. The results show that, the main reasons for doping affecting
the hardness of GaN single crystals are the hindering effect of defects on GaN dislocation multiplication and slip, and the
change of GaN lattice constant caused by doping.
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SR B X T GaN MR STERAE TP AR R AR D AR AE Dy T, T DB 240 GaN b AT
FHERERE R B R T GaN AL R T I B h 28 5 7 A R, B, 2 A AE S, GaN A JIE 7E 4% i
Rl R T FH I AT REZR 2 P L™ s FE BRI BOE R 4540 L R4 2% Si 1Y GaN 21 GaN LB 4R A8 55
IO F Y s R AT e 2 th B IF ) 00 5 — DT A — R REREAA R, GaN N T2 T 25 5 K A 4 A
SR, TRMENR GaN 11 FMEREA B TN T R85 0R N A4 A2 v bk G iF 2 AT, Cheng %5
BFFE T HOIR GaN #9485 1in SEPEWT 24904k ; Fujikane 251 A AN IR RAE T ¢ 1(0001) il m [ (1010) GaN
B 1 P BE s Kavouras %2 BFGE T GaN PR ¢ THIAT m AR FIBT L, IR0 FLalAT T % B 4347 ; Huang
SR RIS RI Y SR T GaN SRR S 2 MERE  JFE/R T GaN PRI RS RRE . 3R 1 RS TULAE
WFFEN GBSk 2 5, DRI 2 A AN ], S A i 22 5 GaN 1% g 27 P RE I X5 38
V5 Bk R RS D R B UIAR O, DM E 258 PR AR ] A7 P A A A A i e AR A 2R
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Table 1 Elastic modulus (E) and hardness (H) of GaN single crystals tested by other researchers

i

E/GPa H/GPa Publication
328.50 £5.17 20.11+1.68 Cheng, et al'®

323.8 20.0 Fujikura, et al''!)

274 +9 16.0 £0.6 Kavouras, et all'?]
333.61 £2.70 19.04 +0.23 Huang, et all'?]

SN GaN JyoAPERE R R BN A LA SRAN T BB %, WEFEIBA%T GaN fiik 71~/ BE 1 32 R
A7 BT AR AR T 2N AR K0 A i R vt B A REBCSE IR, AS SOR AR IR R S8 7 %
S KB I AR BT R KRR GaN HuFh 9 722 PERE  BESE T 1324 %F GaN B g 2V B ) 2 A 1
IRZ I

1 5

fl FIEALY) TARSME (hydride vapor phase epitaxy, HVPE) kil & 1 AFZ A (AEE Si £ Fe ) 1Y
GaN Hiy  Hirfr Si #8 GaN 29 H 1 x 10" em = (JEFEUEL, TIA)) Fe # GaN B8 FE R 5 x 10 em ™,
SEH SR I H P HVPE GaN R REZY SN 350 wm, HVPE GaN #£5iH1 O JTER 20 4 x10°em
JE4BH1 Fe 21 HVPE GaN 1 Si JTTRIYE AN 2 10" em 7, FIE R EA R  AEHERT) A PR
T, FIH GaN 22 d e 2 i I e 85 Bl UL FE 28 A 0 I B0, ZE TR BE RS BEAE T, GaN MU AT i v A i e &
TE GaN i IERA K BEE AR 400 ~ 600 °C, fdi A= < R J7 35 %] 200 ~ 300 MPa, A= 4 HFE] 2 30 d
LI L, A HVPE GaN WA, SR 15 82 2 Fon E N E I GaN 1 (ammonothermal GaN, Am-GaN) ,

AR SC A gl K R R A B T 2 o B O 3 58 2 6 T Oliver-Pharr 357 7E 40K JEJR S2 56 v, 3%
Berkovich xR 13k (I FREAE R =50 nm ) MRE i (4 SR 0 B S R T SRR BB D 500 nm, 1]
Keysight G200 42K F IR AU B A A 5 B IR 2 /0 20 AN 8808, DL B iR 25 R R F o B it
(atomic force microscope, AFM) (1755} Hi ¥ i i % ( transmission electron microscope, TEM) 14 H ¥ . i 52
(scanning electron microscope, SEM) FIFH# ¢ Y663 ( cathodoluminescene , CL) X AE i 1) IR T 55 A7 58 U5
BFFEFATRIE . TERFIY Am-GaN BYNLES ISR U, Oy T ORIEN B4 B9 XS Bk, R FH AR EAR R 5 pum 1Y
[ Sk HEA TR IR S8 . FE 25 TEM A S B, 2R £ 85 7 3 (focused ion beam, FIB) 7€ B AF 5 2% 1Ml
29150 nm AT N — UV 2 JF HAKE SR A IR o0 A DT — S 2

K IR B F %% (secondary ion mass spectroscopy, SIMS) M TS B4 C R &, FIH 49
X %ﬂ'?ﬂ%ﬂﬁﬁf(hlgh resolution X-ray diffraction HR-XRD) 1% ( Bruker D8 Discover, J24& )% FE A1 mm x 10 mm)
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) 2 B i O 3 2 2 06 42 96 (full width at half maximum, FWHM) , LARAE GaN fY fh A i, SCRk[ 16 ] 3
AR T HR-XRD I b AR b s 6 B ik

2 ZR53®

KA HVPE 4 KA 214E#S GaN \Si #8 GaN il Fe 2 GaN, RAZAMEIRG THB LI EIMN GaN i,
H 1 O B EE H 10" ~ 10% em ;5 Si Fe Mg HIHEEE N 10" ~ 10" em >, £ 2 440 7 5256 GaN k&5 0
FWHM FlsfpEsie (£) B85 (H) HP IR 2ZHE, HVPE GaN B9(002) FWHM HE# $#:35, 9B =FF GaN
LT R AR —2, Am-GaN 19(002) FWHM 22k 94" &K FASCAH Y HVPE GaN #£ 59, IO
() B E A SE- 2448 43 ) K 309. 9 307, 6 . 313. 1 1 312. 1 GPa, i J& -S04 40 51 4 17. 40 . 17. 61,17. 53 Fl
18.42 GPa, F[LIAHL,Si B Fe BAYIEEH AR GaN H K FrHEHEB M E M GaN IR GaN f JiF
WRZ 1 GPa,

R2 H@AEMEE(E)MEE(H) REHFIRE

Table 2 Elastic modulus (E) and hardness ( H) with the mean square error of samples

GaN sample E/GPa H/GPa FWHM/ (")
Undoped GaN 309.9 £3.1 17.40 £0.20 53
Si-doped GaN 307.6 2.4 17.61 £0.20 40
Fe-doped GaN 313.1+3.2 17.53 +£0.11 67

Am-GaN 312.1+4.4 18.42 £0.27 94
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FEIR AR A FE80™ A | REAE 10 W S 90 B8040 A TR 7
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Fig.1 AFM images (a) ~ (d) and surface profiles (e) ~ (h) for indentations of undoped GaN, Si-doped GaN,
Fe-doped GaN and Am-GaN
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Fig.2 Slice layer schematic diagram of Am-GaN nano indentation structure (a) and its TEM bright field image (b) ;

schematic diagram of section slice layer (c¢) and its TEM bright field image (d)
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Fig.3 Room temperature panchromatic CL images of indents
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Fig.4 Determination of lattice constants ¢ of GaN samples with different doping types by HR-XRD

3 % #®

ARSCR AR FIRENE T HVPE A KPR FIB 2R (FE18 (Si 1824 Fe 184%) GaN Hi i 1 fL 45 i
FERE B ITC R B 42X GaN (YRR = AR 0, SLIEE IR, Si 8 GaN il Fe 18 GaN MyR#
k8 GaN H R TE, S2u6 A A HRXRD (AFM A1 TEM FAEHER T 0755 1 72 422 ik i AR AL 25 DR %
GaN Tl B AT REAFAE MR, E— A5 T 828 2R TOT R AN GaN A5 1Y F1 24 Mk R, A A K &
B2% GaN X TR GaN, i EEHETHZY 1 GPa, XF GaN ShH& H BRI B K AR 25 20, GaN fiff 1
KA F B R R AB A0 R IE R B FEBELAS T (5 355 88, U8 420 E 5 I GaN fhis & 8 284k
ARG R P GaN Bl B R RN TA R v ) T 24 [l P T 9 JEL B, ARl GaN BE 8 1 il 2 R he 2 it
T i bERE T A IS SR

& £ X M

[1] PEARTON S J, REN F, ZHANG A P, et al. Fabrication and performance of GaN electronic devices|[ J]. Materials Science and Engineering: R
Reports, 2000, 30(3/4/5/6) ; 55-212.

[2] EFTHYMIOU L, LONGOBARDI G, CAMUSO G, et al. On the physical operation and optimization of the p-GaN gate in normally-off GaN HEMT
devices[ J]. Applied Physics Letters, 2017, 110(12) ; 123502.

[3] ANDERSON T J, CHOWDHURY S, AKTAS O, et al. GaN power devices-current status and future directions[ J]. The Electrochemical Society
Interface, 2018, 27(4) ; 4347.

[4] KRUSZEWSKI P, PRYSTAWKO P, KASALYNAS I, et al. AlGaN/GaN HEMT structures on ammono bulk GaN substrate[ J]. Semiconductor
Science and Technology, 2014, 29(7) . 075004.

[5] WOJTASIAK W, GORALCZYK M, GRYGLEWSKI D, et al. AlGaN/GaN high electron mobility transistors on semi-insulating ammono-GaN
substrates with regrown ohmic contacts[ J]. Micromachines, 2018, 9(11) : 546.

[6] LITK, REN G Q, SU X J, et al. Growth behavior of ammonothermal GaN crystals grown on non-polar and semi-polar HVPE GaN seeds[ J ].
CrystEngComm, 2019, 21(33) . 4874-4879.

[7] LITK, REN G Q, YAO JJ, et al. Study of stress in ammonothermal non-polar and semi-polar GaN crystal grown on HVPE GaN seeds[ J].
Journal of Crystal Growth, 2020, 532 125423.

[8] CHENG YT, CAIDJ, WANG H, et al. Anisotropic fracture toughness of bulk GaN[J]. Physica Status Solidi (b), 2018, 255(5) : 1700515.

[9] DRORY M D, AGER J] W, SUSKI T, et al. Hardness and fracture toughness of bulk single crystal gallium nitride[ J]. Applied Physics Letters,
1996, 69(26) : 4044-4046.



234 BB NGRS 52k

[10] NAKAMURA S, SENOH M, NAGAHAMA S I, et al. InGaN multi-quantum-well-structure laser diodes with cleaved mirror cavity facets[ J].
Japanese Journal of Applied Physics, 1996, 35(2B) : 1217.

[11] FUJIKANE M, INOUE A, YOKOGAWA T, et al. Mechanical properties characterization of c-plane (0001 ) and m-plane (10-10) GaN by
nanoindentation examination[ J]. Physica Status Solidi C, 2010, 7(7/8) ; 1798-1800.

[12] KAVOURAS P, RATSCHINSKI I, DIMITRAKOPULOS G P, et al. Deformation and fracture in (0001) and (10-10) GaN single crystals[ J].
Materials Science and Technology, 2018, 34(13) . 1531-1538.

[13] HUANG J, XU K, FAN Y M, et al. Nanoscale anisotropic plastic deformation in single crystal GaN[J]. Nanoscale Research Letters, 2012, 7
(1) 150.

[14] OLIVER W C, PHARR G M. An improved technique for determining hardness and elastic modulus using load and displacement sensing
indentation experiments[ J]. Journal of Materials Research, 1992, 7(6) : 1564-1583.

[15] OLIVER W C, PHARR G M. Measurement of hardness and elastic modulus by instrumented indentation: advances in understanding and
refinements to methodology[ J]. Journal of Materials Research, 2004, 19(1) . 3.

[16] MORAM M A, VICKERS M E. X-ray diffraction of Il -nitrides[ J]. Reports on Progress in Physics, 2009, 72(3) . 036502.

[17] BAXEVANI E A, GIANNAKOPOULOS A E. The modified Rockwell test: a new probe for mechanical properties of metals[ J]. Experimental
Mechanics, 2009, 49(3) . 371-382.

[18] TSUITY, OLIVER W C, PHARR G M. Influences of stress on the measurement of mechanical properties using nanoindentation: part I.
Experimental studies in an aluminum alloy[ J]. Journal of Materials Research, 1996, 11(3) . 752-759.

[19] BOLSHAKOV A, OLIVER W C, PHARR G M. Influences of stress on the measurement of mechanical properties using nanoindentation: part II .
Finite element simulations[ J]. Journal of Materials Research, 1996, 11(3) : 760-768.

[20] CARLSSON S, LARSSON P L. On the determination of residual stress and strain fields by sharp indentation testing[ J]. Acta Materialia, 2001,
49(12) : 2193-2203.

[21] LARSSON P L. On the invariance of hardness at vickers indentation of pre-stressed materials[ J]. Metals, 2017, 7(7) : 260.

[22] HUANG J, XU K, GONG X J, et al. Dislocation cross-slip in GaN single crystals under nanoindentation[ J]. Applied Physics Letters, 2011, 98
(22) . 221906.

[23] JIAN S. Mechanical deformation induced in Si and GaN under berkovich nanoindentation[ J]. Nanoscale Research Letters, 2007, 3(1) : 6-13.

[24] FUJIKURA H, OSHIMA Y, MEGRO T, et al. Hardness control for improvement of dislocation reduction in HVPE-grown freestanding GaN
substrates[ J |. Journal of Crystal Growth, 2012, 350(1) ;: 38-43.

[25] EVTIMOVA S, ARNAUDOV B, PASKOVA T, et al. Effect of carrier concentration on the microhardness of GaN layers[ J]. Journal of Materials
Science: Materials in Electronics, 2003, 14(10) ; 771-772.



