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WEFE T R0 AL B GaN [F] B A SE 1 5200, /13 T & 7L 8 R AlGaN /GaN 57 Jii 45 #4 £

NH;/Ha 84S Ho 28 B8 N KBS 171500 GaN BB GaN - 46 254 e kA7 e i AR B, F 0 45 51
W, NHs/Ha eS| GaN )53, 88 MU R, (EAF] T 22 BRI M2 0T, BOGH WA X 58 BEAL S Ho
et GaN J3 i, BN [AZEK GaN 73 A inJa], 3 BUSHRR TS A F, AlGaN/GaN HEMT #48 — 4k iy 7L
A%, KA NHs /Ho R & UM Ho 28 B ARG AL SRR s S R T, ARSI Vs R THT, 2SRRI A%,
FRAF P I I A K T RSN E AR R T, A R T2/ AlGaN/GaN HEMT AR} B 2B, 78 GaN ik AN E
AlGaN/GaN HEMT #14}, 2DEG iER %A H 2113 cm®/ Vs, A MERE R AT

KA ERANYLETARTIN, B, SAbE, [ s e

PACS: 68.55.-a, 73.40.Kp, 78.55.Cr

1 5 7

GaN #PRHE A 254 96 K L IR R T8
JE i A H BN R A, FE L K T 2
PR LB BRI D=5l B, GaN Akt
F B AE SiC, SiME % A5 5 i i B AP RE 3R
15, SZIRT 7 B I 5 MME J2 2 T8] i 2R BC R AR
P, GaN &k SEAFBFAL 3% 5 7k 10310 cm ™2,
712 5 M 2 M BE R i (4. GaN 48 JES i i 4K
AN K 2R A0S AP e k) 58 4 UL, A7 85 2% B2 ]
KA 10° em™2, A A T 3K45 5 5 & GaN Ak & &
PERERR AR P70 ARk, BT GaN 48 i [R] 5 Ah 4E
AlGaN/GaN & T I1E % % fi /K& (high electron
mobility transistors, HEMT) iZ#7 5| &2 A0 32
RE.
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GaN £ [ &7 W M C, O, Si% i, 7l
GaN &1 25 S8R Pk BE I 2 B10) 3 8AL
GaN/GaN HEMT # 1 #, /& GaN i< [A] 52 4t
%E AlGaN/GaN HEMT # %} (7 i 2. Koblmiiller
S5 W Ay 7 A4 4E 75 28 K T AlGaN/GaN
HEMT, fi 1] GaN &K /70 i (0 58 & i 78 5 BR 3k
I C, O AT, SRAFIE W AR A, 7 C, O
R EM T 1 x 107 em™3. & B HHALES
AV (metal-organic chemical vapor deposition,
MOCVD) 2K AlGaN/GaN HEMT #4415 H
77 ik, AR AT R I Hy vl TAL B 2% B 3K 1
Z 5 020 ) B /> A TR 2 THI 2% 5 X A S8 A R Y
M. SR, Ho fEHHE T (> 800 °C) = ZI1h GaN
oI, LA A R R T 100 g HEMT A R
A1 IE B BHREL RS B, B AlGaN/GaN HEMT #4 %}
YW TS (two-dimensional electron gas, 2DEG)
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f3E A2 % 161 Chen %5 748 F§ MOCVD [A] Jii 4 &
AlGaN/GaN HEMT, 7ETHE 2 AR “Pib ik,
) ARG 33 22 4 K GaN 22 il Hoy, % GaN 2 T () %
T, 3R 15T W A IS 3R T RN A1 AE A R R TH, AL
GaN/GaN HEMT # £} 2DEG 1% £ 2068 cm?/V s,
HA RFMEEEe, HAKAEKO & &I
1 x 1020 cm—3. NHj AE404] GaN 7E & i F 20 fif,
{4 GaN £ [fii. Detchprohm %5 '8! £ GaN 4t |
4K InGaN/GaN O L R, THERIE R 5l A
NH; fR 7 4 Ji 2 1, A= K 1 LED # % 2 i ot ¥,
KIHAEREE (root-mean-square, RMS) >4 0.373 nm
(5 pm x 5 pm), fH NHz X GaN 3 [ 44 Ji %1 i /E H
N B AT T 3% T 4% 5 75 e 055 A0 2 A1 R g
(5[] S R RS SR T, A SR A NH3 /Ho VR
B AR AT Hy 28 B AR AR B 1) 77 s TAL 2 GaN
R, W0 T 2B AR A B I R R H #ad 3
i (8] % GaN 2% H ZI 0l DA K A k) P B8 1 5% i, [R]
5 7 2DEG T # 22 B, # itk J7
AN AR 4G GaN R b, 3R15 TR IEI R

B,
"

U711 AlIGaN /GaN HEMT # %}, 2DEG iZ R KT
2100 cm?/V's.

2 L5

IS
NI
~

i FH MOCVD i % 7F 2 95 ~F (0001) T #5 = 1
PR EAK T GaNBAR M KL, GaN JEEE2 pm, X
S8 BB AT SR (002) T AN (102) TH) B2 2 i 28 2 w5 98
43 3 N 240 arcsec F1330 arcsec. £ JiE T 4k ¥
I FEWE 1 (a) Bior. BAREN AP RS
800 °C, i A\ NH; LA GaN 73 fif; S8 5 4622 THiR
%1030 °C, Ny VA Hy FH- AR FFIEIR 5 min; 21k
A NHj, 7 Ho HFARFEIE IR 0—3 min, /5 4k 8058
ANH;z. A AL FE N 10 min. 5 5 LL=H
FEF (TMG). = H 34 (TMA) 71 NH; {8 Ga .
ALJEFIN S, Hy NER, £ GaN B GaN 4t ik
A K AlGaN/GaN HEMT 4544, Wik 1 (b) Froxs.
FiTH 2 inch P42k GaN #1 i€, JE B4 360 pm, HLFH
ZF KT 1 x10% Q-cm.

HEMT
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Fig. 1.

(a) #AbBIFEREE, B3 N JHiE (1); NHs/Ho WA SUARAEEE (ITATIV); He #Ub3E (I11); (b) GaN i

(a) Ilustration of thermal treatment process, conclude temperature ramping process in No (I),

thermal treatment process in NH3z /Hg mixed gas (I and IV) and H2Gas (I11); (b) illustration of AlGaN/GaN

HEMT structure on GaN templates.

1 F 6 % 2 5348 (optical microscope, OM) fll
Ji - 77 & 7 8% (atomic force microscope, AFM)
W 4% GaN KL B I AIGaN HEMT &5 #4) () 2% 1 T
I A A EE R W A AlGaN/GaN HEMT
4519 2DEG IT# %, i O %< % 1% X (photolumi-
nescence, PL)ZEAEH i T (300 K) AlGaN/GaN

HEMT Z5 #5622 PR RE, WA OEE 9 325 nm He-Cd
A A X AT (X-ray diffraction, XRD)
W& [F] 57 AP E GaN A4 KL (002) AT (102) #5412
A e, T IR 1 (secondary ion mass
spectrometry, SIMS) 734t GaN 4 JilK 5 4 € 2 A K
ST C, O &R E.
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3 BRE5iT#

T W% NH; /Ho T8 & S Ha 58 B U
AL BT GaN 2% [H I 5E M, Pab B FE 45 R 5 O
FEOLAMF IR INAIEA I B =R, B2 (a)—(d) 73l
RIRMEBEFT S Hy AL EE 0, 1813 min [ GaN K [H
OMK. K2 (a) 5K 2(b)F GaN FE i Jeg, HAk
PEJEE—5, RTEAN NH; /Hy IR &S SR T
A Z ik GaN 2 1 B2 iR FE RN B2 () Hhs
R 1T HE 3 4R 10 RO T, U B iR T H 22 %0 ik

¥00 yim

(d)
2 GaNRMOMJEH (a) AEELRT; (b)—(d) Ha
#ALEE 0, 1 A1 3 min
Fig. 2. OM morphologies of GaN templates before
(a) and after thermal treatment with Ha treatment
0 minute (b), 1 minute (c¢) and 3 minutes (d), respec-

tively.

GaN R B2 (d) HBIAR SR i 30K M T, 1X
J& BT Ho AL (A, InJEl T GaN 2R 1H %I,
f87 GaN R H BRI PRI, B3 (a)—(d) 5051
M HERT & Hy #A0EE 0, 1813 min ) GaN AFM
K. B3 (a)—(c)H, GaN FTH 5, GG, %
TPAERS FE A/ (AR 1), U6 1 min B8 8] BA A ) Hy
PAL XS GaN R HTE S RZ M AN, B 3 (d) H 3L
S 11 5 8 DRI €8 X, ) AR 3R 2 T 11 7 b A 1]
Fa, HLREDHDRS 2848 K, X5 OM B FIXT R, 5
AF KN 8] ) Ho #4Ah 25 7™ 25 %)) 1t GaN R [, 50
BRI REASF

3 pm 3 pm

3 pm 3 pm

() (d)

3 GaN il AFM(10 pm x 10 um) B3 (a) #it
AT, (b)—(d) Ho #4420, 1 M13 min

Fig. 3. AFM (10 pm x 10 pm) morphologies of GaN
templates before (a) and after thermal treatment with
Hp treatment 0 minute (b), 1 minute (c) and 3 minutes

(d), respectively.

#1 HEHJEH GaN BHR RN 4K AlGaN/GaN HEMT # k241
Table 1. Properties of GaN template after thermal treatment and in-situ growth AlGaN/GaN HEMT structures.

Ho #AbHE GaN #itR

AlGaN/GaN HEMT

B /min - RM S/nm

RMS(10 x 10 pm?)/nm FBEH /em?.V~1.s71 (002)/arcsec (102)/arcsec Ip/a.u. Iy/Iy

LI T 0.540 —

A 0 0.615 0.487
1 0.632 0.824
C 3 1.935 3.276

1915 235 326 0.08 14
2136 228 312 0.1 6
1790 242 342 0.003 16
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KA B AU A BE GaN B I R A7 AE
£ AlGaN/GaN HEMT 4544, #4213t 72 v Hy B
)73 90, 1, 3 min, FEMIC WA, B, C. B4k
AlGaN/GaN HEMT £ AFM ES. B 4 (a) Bor
AlGaN/GaN HEMT i, RMS < 0.5 nm;
K4 (b) ' AlGaN/GaN HEMT i H BBTUIR 5 B
BRI B, 2 R RS P2 48 K 4 (c) KTt 3
BRI A T R, R A VR BT (B X ),
CA BRI R 2 L 2R, X GaN B R Al Al-
GaN/GaN HEMT % [H %3, B Hy $ab B ) 12
K, AlGaN/GaN HEMT & #4 {1 R £ 51 5 GaN
BRI R TSR — 80 S BEE Hy #A b3
I T ZE K, AR AR 2 T GaN ZI) ph B2 5 1 k. H #
b BRI [A) 34 #) 3 min 5, GaN 3 [ fLE A F, &
# AlGaN/GaN HEMT #4 k| 3 TH ¥ 5 7™ 5 3% fk.

3 pm 3 pm

- N 5
3 pm 0.5 pm

—
0.5 pm 0.5 pm

Fl4 AlGaN/GaN HEMT %[ AFM  (a)—(c) 754
AL FR L AR Ho 40 #20, 113 min 10 pm x 10 pum K&;
(d)—(f) AAFL2 pm x 2 pm

Fig. 4. AFM morphologies of AlGaN/GaN HEMT sur-
faces: (a)—(c) are the 10 pm x 10 pm morphologies with
Hs treatment time are 0 minute, 1 minute and 3 minutes
in thermal treatment process, respectively, as (d)—(f) are

corresponding 2 pm x 2 um morphologies.

B4 (d)—(f) MM A, B, CHIEE A2 pm x
2 pm IR AFMIES, MK 4 (d) A1 4 (e) Hrm]
LA 3B 21 GaN S BRAE KIS, UEHI7E Ha 4
AL FE 1 min A ) GaN BEAR B A KT it R AL
GaN/GaN HEMT # &L 45T 3 min Ho # AL
1 B4R 3R T E T 32 20 20 ik R R ™ R AR K 1 AL
GaN/GaN HEMT #4 k| 3 T M RS A F, a0 Bl 4 (f)
s,

A8 FH 2 ZRIA SO T AlGaN /GaN HEMT
2DEGIT# %, R &8 A Ak 3 GaN
MR ZZ 11, Ho I8 9 1 min B 4 K 1) AlGaN/GaN
HEMT iE# % 8 & 51 Hy B8] 24 0 min 13 min
W ERE 2R, w5 Bros. AR SCHR (8, 10] #id,
GaN R 7 W I 2= i) C, OSE A%, s
MOEL R B A ERE. iR T Ho 201k GaN, 3R T 4%
JoR A B, AR T AR TR AR R, G R
2 AH A [A] Ho A0 EE 25 0B GaN 43 fi#, GaN
R TH KR AL S 15 S TR B I Rl 2DEG IE# 2 2R
FEAR DO 234 1 min i Hy #Ab B, GaN #E AR %
THI A 2% 0T K 2 B A1, 3R 4905 i & T R I Hp %)
T GaN 2 T I [F) 95 Jo, 6 4 % ORI RS 3R 1T, AR K
AlGaN/GaN HEMT J5 £ [l V%, #kHE e 4 =,
2DEG iIEB R KT 2100 cm?/V-s, Wiz 1 5.

2200

= [ M
© o =
o (=] o
o o o
T T T

TEBE p/cm2.V-1.s-1
®

3

T

1700 1 1 1 1
0 1 2 3

Ho#Ah3E 8) /min

5 GaN [FJfi4ME AlGaN/GaN HEMT 2DEG i&#% #*
Fig. 5. 2DEG mobility of AlGaN/GaN HEMT on a

GaN homogeneous substrate.

MWAR T AlGaN/GaN HEMT i) = i (300 K)
PL . 6 ft A LL GaN I i 121 0§ (361 nm fft
) 58 FE (L) 3 — 46 B PL 3%, 560 nm Fff 3T 1)
W g BEOG W, — A 9 B O I B AR LR K
BOGUE TR (1,) S M B C, O % 2% BT KA K
Beig A o o221 BE i A R C X R AlGaN/GaN
HEMT 35 )% Ug AH X 58 B (1, /1) 328 i T FF & B XY
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JB7 ) AlGaN/GaN HEMT % ) 0 A X 5 B FF i
C ' GaN Hr 12 W B AR 1] W, (W5 1 i 3)). HE
IR 1) NHs #f T GaN 2 1 4 i, 5 35 1 7% bt
f17C, O 4k Jot & A It B B0 Bt AN 56 42, 5 8 GaN
A S BB kB e A S iR R A, BT RE i A X
N ) AlGaN/GaN HEMT #4 4} 1) 35 6 U6 AH %o 538 FF
B P02 2) miRF Ho {23 GaN 43 fif, AR
T VR B D 2% Jo B B Bl 2 58 4, R, B KT R
1] AlGaN/GaN HEMT #4 4} 1) 5 't 06 A X 58 J5F 45
s 3) B[] 14 Hp Z00) ot 5 SOR R 1) A2 K FL T, 52
M) GaN [#]AE A HLER K2 S8 A4 5T &, FF i C X B2 AL
GaN/GaN HEMT #4H1) GaN 3z 12 0 55 JE FEAIK,
T VA o 5t o 44 ey (22,

— 0 min R

— 1 min 1

—— 3 min

SBEF I/arb. units

400 500 600 700
P A /nm

K6 GaN [FFi4ME AlGaN/GaN HEMT £5#) PL [

Fig. 6. PL spectra of AlGaN/GaN HEMT on a GaN

homogeneous substrate.

#2  CAIE R GaN & [ B4k IE AlGaN/GaN
HEMT H 21k RE SA SO K

Table 2. Statistical electrical properties data of Al-
GaN/GaN HEMT on a GaN homogeneous substrate.

U WA HEBHE/em? V- ls™! HETHE/cm™?
Khan et al. [27] 1650 1.4 x 1013
Tomas et al. [24] 2110 1.1 x 1013
Chen et al. [17] 2068 8.2 x 1012
Piotrowska et al. [25] 1210 1.64 x 1013
AL 2113 9.6 x 102

fE2 inch GaN# J& L 4 & AlGaN/GaN
HEMT # ¥}, K A8 B AU F R UL B GaN o i 3%
T, Ho B []25 1 min, GaN EEZ11.4 ym. Kl 7R
GaN #f J& 4 £ §J AlGaN/GaN HEMT % [fii AFM
(2 pm x 2 um) B v, 7T ELE BENA P HAF B
FIEJE T G B, RIEHRE RN 0.126 nm, 5 &

BoE. B8N GaN [F )5 41 %E 4 K} (002) [ F(102)
TRl 26, 2 =5 %8 70 8 65 arcsec F 62 arcsec,
o VR . &R Hall 45 R, 2DEG IE B %
FIREE 5> 328 2113 em? /V-s F19.6 x 102 cm~2, H
R R, TR RACHAE T Rm, K257
H. SIMS i EoR B K T4k C, O 2% BT 43 3l
N4 x 10" cm 3 F19 x 106 cm™3, 445 WK FEAK,

0.5 pm

7 GaN i 4ME AlGaN/GaN HEMT £ AFM(2 pm x
2 pm)
Fig. 7. AFM morphology (2 pm x 2 pm) of AlGaN/GaN

HEMT surface on a GaN homogeneous substrate.

(a) GaN (002)

65 arcsec
-~

SR /arb. units

—300 —200 —100 0 100 200 300
w/arcsec

(b) GaN (102)

62 arcsec

SR /arb. units

1 1
—300 —200 —100 0 100 200 300
w/arcsec

8 GaN HEAMEM K XRD (002) ffi () 1 (102) i (b) #
2 ih

Fig. 8. XRD rocking curves of (002) (a) and (102) (b) peaks
of the AlGaN/GaN heterostructure grown on a GaN homo-

geneous substrate.
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W9 BT, 80 NHsz /Hy A S AR Hy 2B S
SRR BE AT LA R0E W GaN AR £ 1, KA EIT
% AlGaN/GaN HEMT #4#}.

20 [T
10 c .
— O 1
1019 :
I
i 1
£ \ GaNAMEE | GaNFHE
< 10!8
X
¥
q 1017
O
1016
REE /nm
9  GaN #HEFFE4ME AlGaN/GaN HEMT ' C, O

4J5 SIMS i, 0 pm AFE R T
Fig. 9. SIMS impurity profiles of C, O in the epi-
wafer of an AlGaN/GaN HEMT on a GaN homoge-

neous substrate. The surface is located at 0 pm.

4 % W

K FH NH; /Ho VR & AU Hy 588 UL 2
177 3K, 3 AE GaN BLBR A 246 2% GaN #f i _E4b
% A1GaN/GaN HEMT # 8}, 255K, Hy REi 25
B GaN 3R TH C, O Z4Ji1, PEAKA IR E, SRIFIGVE X
Ifl; NH3/Ho VA U0 LLA I & il 20 ik GaN, 3k
153 F 38 M BL R T SR A NHs /Ho VR A AU F1 Hy
B BN B A R T AR K RO 206
g AR K 588 E /N 2DEG i #% % 5 ) AlGaN /GaN
HEMT # kL 76R 1% 07 UGB GaN #f % _E[F]
R AN E AlGaN/GaN HEMT #4 %, 175, &k
Ji s, 2DEG T2 R A #2113 em?/ Vs, AR
UFIR L2 P R
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Abstract

Gallium nitride (GaN) has great potential applications in high-power and high-frequency electrical devices due to its
superior physical properties. High dislocation density of GaN grown on a foreign substrate leads to poor crystal quality
and device reliability. The homo-epitaxial growth of GaN material has low dislocation density, which is the foundation
of high performance of AlGaN/GaN highelectronic mobility transistor. However, it is difficult to prepare flat surface
of GaN template or GaN substrate in thermal treatment process under the metal-organic chemical vapor deposition
(MOCVD) ambient condition in which hydrogen (H2) is commonly used to clean the substrate surface, i.e., to remove
impurities from the substrate surface, since Hy would greatly enhance GalN decomposition in MOCVD high-temperature
condition and etch GaN into roughness surface

In this work, an alternation gas model of ammonia/hydrogen (NHs3/H2) mixed gas and Hs gas is designed. This
technique is used in a thermal treatment process of GaN template and substrate by MOCVD. Then, we in-situ grow
AlGaN/GaN HEMTs (high electron mobility transistors) on GaN template and GaN substrate, respectively. A series
of alternation gas samples with various Hs treatment times is investigated. Optical microscope and atomic force micro-
scope are used to observe the morphologies of GaN template and AlGaN/GaN HEMTs and two-dimensional electron gas
(2DEG) mobility and density of A1GaN/GaN HEMTs are measured by contactless Hall measurement. Optical properties
of AlGaN/GaN HEMTs are analyzed by photoluminescence at room temperature. The residual impurities of C and O
in the GaN epilayer and the interfacial region between GaN epilayer and GaN substrate are analyzed by secondary ion
mass spectrometry.

The study results show that Ha enhances GaN decomposition in MOCVD at high temperature, and GaN decompo-
sition greatly strengthens with Hy treatment time increasing leading to rough surface and the decrease of 2DEG mobility.
The NH3/H2 mixed gas could suppress GaN decomposition and avoid roughn surface, but go against cleaning out the
purity from GaN surface, and the relativive intensity of the yellow band is higher. The NHj3/H> mixed gas and Ha
gas alternate thermal treatment model with proper Hy treatment time on GaN template or GaN substrate, not only
obtains atomically flat surface of GaN template and HEMT structure, but also cleans out the purity from GaN surface,
which is conducive to the increase of the electric properties of HEMT material. The highest 2DEG mobility reaches to
2136 cm2/V-s with 1 min Hs treatment in the alternate gas thermal treatment process grown on GaN templates and the

electrical properties of HEMT material turn excellent.
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Finally, an alternate model with 5 min NHz/H2 mixed gas followed by 1 min Hy and then 4 min mixed gas of
thermal treatment process is used, the surface morphology of HEMT grown on GaN substrate shows highly uniform
atomically steps and the root-mean-square value is 0.126 nm for 2 um X 2 pm scan area; the HEMT 2DEG mobility 2113
cm?/V-s grown on GaN substrate shows good electric properties, the residual impurities of C and O in the interfacial

region between GaN epilayer and GaN substrates are below 1 x 107 em ™3, showing clean interfacial.

Keywords: metal-organic chemical vapor deposition, GaN, thermal treatment, homo-epitaxial
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