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AlGaNiFEAEXInAIN/AlGaN/GaN F R4
A ST AL O =2 M
ik FE O BE

(M ZETRFHIME S E R TSR, 9% 710048)

(201849 A 5 Hilg#; 2018 45 11 A 17 HIZ R eh )

InAIN/AIN/GaN i girh, 4 3 BB AIN 4N JZ 28 Ga & B AR S 1) AlGaN &, Al, Ga JBE/RH 75 bk
TR TIREI SR F LR, HI S InAIN/AlGaN 342 244 S FIBUR LA A SCE I R i e 1 -0k
JiFE S iz iR, BT AlGaN J2 ALBEJR H 43 & X InAIN 4153 A3 50 5 800 115 B Rk sh it 5 i
SR LA R A & TE PP B0 = A L . 25 SRR 2 ALS Rt 0 3R 3 1, i BE Sk oh B ot
564670 HUR 58 BE SSRGS, T A O SR R R 7R ALY RN 0.1 MR /NH A VER N, &4
0 7 U A BR 1 22 1 2 BRI AL, 1220 93 VG Bl 2 A1, 71 e S 3 B A& BR 1 % 2 1 32 BEHUR B,

2 ALEEIR A 7 & i 0.52, =AU LA 3L 1R] BR ] (3L 52 S ol N = S5 IIER 3, AlGaN JZ 2Rt

XIER R AFTHER.

K1) InAIN/AIGaN/GaN i 4, & &7 H, T Re ik sh iU, 5 i sh i

PACS: 73.61.Ey, 73.20.At, 73.43.Cd, 73.50.Bk

1 5 =

GaN MR B A2 R, i migm. Wl
R,V R R R R A 2 1 B AR E A 1 2 A
IR ANEE T T TR B B AR 4 A T R i
4, DL L7 % S 4R (high electron mobil-
ity transistors, HEMTs) #JJE 3B H T &5, KT
FH T E 13 AlGaN /GaN JEHF 7153 8 IR
) GaN 3 57 i 45, BT A 2B, e
B3 v T 5 i B R 4R R TS (two dimen-
sional electron gas, 2DEG). 14 T 2DEG L7
Fi 1, AlGaN/GaN HEMTs £ L—Ku i B 1) i
DI ZHA ORI, I Sk N bR A B B B
% GaN HEMTSs N AN I 7] B w42 . 5K oh 3¢
HEIE, AlGaN J&EJE 5 HEMTs A8 [a] )]~ 0 20 [7) 25
JN, LA ] v B AR H BERT R VA T8 28, {H 2 AlGaN

DOTI: 10.7498/aps.68.20181663

JEFE/NF 15 nm, AlGaN/GaN 53 Jfi 45 2DEG [ %
FE N R, SRR IR R R AR 0] AL
GaN/GaN 5 Jii 45 Joi2: 3t B #3422 2 M = 2DEG TH
WO R R mAiA KT HEM Ts 2844 1.

InAIN/GaN 5 Jifi 45 2 1T +4F KB M 1) GaN 2
SRS R, S5 SE AlGaN/GaN 5 i 45 4 L,
InAIN/GaN 5 Ji 25 7] DAFE BE /N 35 22 2 JE B R 7
A= THI %5 B2 S B IR 2DEG, R R s i B e R
R, RHEAERNZE, YInBERESEENO0LT
i5f, InAIN 5 GaN [ di kg & B0 55, 7T DAORTS &
UL HE 9 InAIN/GaN 7 i 45, i % 1 AlGaN/GaN
HEMTSs 5 4F im He TAEIEE R 30 f 208 3 B 14
REIRAL, RSPl KT % HEMTs #& {4 1) 21
R AR ST BT InAIN B KR, &
FAEHD ARG, X T8 256G iR
ﬁ}‘lJ [8,9].

AIN EAG B K 1 2877 55 55 A0 B /N (1 FL -5
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g, 7£ InAIN/GaN 7 i &5 4l A JEE N 1—2 nm
7 AIN 3 22 e A A it B P omig e 10120 1
PRI TR, 4 BRI AINGRNZ 9N Ga
AR AlGaN 2, 48 A L5 S DT 5 12
BKEIR T, AlGaN |2 Ga (B /R 40 & B
#0503, AIGaNERI GaZ EIRE T In-
AIN/AIGaN/GaN 5 Jii 45 i 7% bR 80 5 8 27 T L2,
R0 5 In AIN 24 5C ARG L. A SCEar T
InAIN/AIGaN/GaN 57 J5 45 i) #% i€ 175 - JH FA i F A8t
WL A5 4 T B TnAIN 25 23 A 14 ST U R 0
FHFIH Octove BAFEAT KM, 7341 T AlGaN = Ga
BN LSS AL 5.

2 EipgA
2.1 BEES-ANRAERE
R f# TE H T InAIN/AlGaN /GaN F i J5 7] (2
) (R 52 15 5 FE T LTS 21 H 1 R 2,
r2 42
S 2m* dz?
Hofr S ww s, m* NEFHERRE, V(2)
N T RE, B MW (2) BN TR TR R
F o K. U AIGaN /GaN F1 fT 26 A7 B A AL AR IR
Bz =0, WHEARV(2) S BB () KRR
V(Z) = —e€- @(Z) + AEC1@(—Z — dAlGaN)
+ AECQQ(—Z), (2)

Horp e NHLF BT dargan N AIGaN EEE; AEq
3 InAIN/AIGaN 51l (2 = —daican) KIS H 3]
i, AE. N AlGaN/GaN Fiti (z = 0) 1 S 77 85 1)
B, R S OB OR ) L SR R RE YoE (I
F£1); O(z) AMEREREL, 2z >0, O(z) = 1,
2 <0, 0(z) =0. FHHD(z) HIHA TR E],

Ui(2) + V(2)¥(2) = E;¥i(2), (1)

—5@25(2) =e-ne(z) + 050(2 + dmain

+ dAlGaN) + Op (2)7 (3)

Ho e RAHEEL ne(2) WHETIREE, 0p(2) AFIR
SETH LI AL AR AL FR AT A T, BRI TSR TR
G AE SCHR A 3 101, AR SO T it o 2R R T A A
2DEG HLTRIE, RSB A TR FH LT
Eq =236V A, B Ny =4x10"3 cm=2-eV 1,

5 SCHRRE ) 45 R —E 0], B R A
Ay (1)
0s =€+ Ngq - [V(—dman — daican) — Eq — Er],
(4)
Hrh Bp ATCKEES. AR FTE AL T 3E
BE Eo, WHFIREE N
ne(z) = Ny - [T (2)[, (5)
HH N, N 2DEG % &, Bk THoKRed 5HE
e AR B,
m*kgT Fr — FE
Ns = nhg’ In {1+exp< FkBT 0)] , (6)
A kg NBURE S HH, T NARIRE. R4+
FITAE LA 20 3 A R P 2R A

/e “Ne(2) + 050 (2 + dman + daigan)

+ op(2)dz = 0. (7)

AR SRAR T REL (1)—(7), RT3 5 5 45 1) i
FOKRES LTI RR BE (5 R

2.2 HESTHLH

BT AN (2.88 ¢V). In—N (1.98 eV) #fit
ABABKZESR, InAIN/GaN 5 Ji 45 o 5 i 17 75 1
[ 21 73 A3 5 ——InAIN 2 E In X 5 & ALX
B2 B IE IR %, 7 S E2DEG 17 BB
5 InAIN G4 BER A2, 20 IS BT 4018 18 ik
S 1890 AR SCR i v A A TnAIN JZ 400 A
5, BT R SRS By, WA RE
P B HUH (subband energy fluctuation scattering,
SEFS) B il 1) 5l & 5t 350 17y [°]

1 m

. 2 2ke 2 2
= 533 AZA? <3E0) / exp <—A q >
TsEFS  2R°kg oz 0 4

2d
x 74 : 8)

2
q
H2 1_ —
@1~ (5)
Hif 2 NInAIN JZ In BER H & &, kp N KK

K, g NHETFR, ARUAS 58 In 45 bR 2 5
FIXRAKSE, 11(q) MBA T 18]
e’m*
I(q) =1+ 55— // UG (2)75 ()

2mh2epe,

x e~ 1==='ld2'dz. (9)

InAIN 21 70 A8 51 51 1) 3 5 B8 5 H 1 3%
RS B AE i, PR T IERE R 55— R R
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ML InAIN 545 3 ) #UH (conduction band fluc-
tuation scattering, CBFS) [R ] 1] 3l & 5th ¥ B[]
54 1)

1
TCBFS
M A2 2 <AE /_dAlGaN Wo(2)* d )2
= c olz)| dz
2h3k%‘ —dInAlN—dAlGaN
2kp A242 2d
X/ exp(— el ) 74 37
0 4 HZ(q) 1— (i)
2kp
(10)

Hr, AE. NInN, AIN S48 Y&,/ (10) T
A1, InAIN 57347 9 s BUR 1 BT InAIN JZE R 5 )L

%
—dalGaN
-
—dinaIN—dAI1GaN

Bl BLAE InAIN JZ s 7 H0T 70 Ee.

InAIN 24 & 57 HU (alloy disorder scatter-
ing, ADS) 55 LR FMHK R K E, &L
S R 1) ) 50 Bt 4 ] g 1)

1 m*0z(l-2)(AE.)?

TADS 27'(h3/€%

2kp 2d
X/ q-dq
0

12 ()1 - (2,‘;>2

—dalGaN 4
<[ () dz, (1)

—dmAIN—dAlGaN

[70(2)|* dz,

Hh 2 = V3a?(x)c(x)/2 N InAIN G HAEF, a(x)
Fle(z) N InAIN &% E. AlGaN JZ & & T )7
AR AT DA AR A 2 kAT 5.

#1 InN, AIN, GaN bhkiZy [15,20,21]
Table 1. Material parameters of InN, AIN and GaN [15,20,21]

ZH FEREWE-X A InN AIN GaN
BTRMEE  x/eV 5.8 0.6 4.1
. a/nm 0.3540 0.3112 0.3189
LY MR
¢/nm 0.5705 0.4982 0.5185
BT HRRE m*/mo 0.11 0.4 0.2
- e31/Cm~2 —057 —0.58 —0.33
JE LR L
e33/C-m~2 097 1.55 0.65
o c13/GPa 127 120 144
kA
c33/GPa 182 395 209

HRWRASEE  Pyp/C-m~2 —0.032 —0.081 —0.029

AL IR 1 TR F N

€T;

i = mr (12)
R1PTHIN W SCHT M B2 3, InAIN,
AlGaN MBS H A E 77513 2.

3 AR5

AR SCS AR UCHC K Tng 17 ALy 83N /AL, Gay N/
GaN F R &5 31T 715, AlGaNJZEE N1 nm,
AlEIRE 53 & &y BB EEE 9 0—1, InAIN 4H 57
K E A = 10 nm, FrifEZE A = 0.05.

1 & InAIN/AlIGaN/GaN 5 Jii &5 AlGaN 2
BT St 24, Hodt InAIN B dipain = 10 nm.
HE A%, AlGaN JZ AIBE/RE 580 <y < 0.6
I, InAIN Z SR/ Ty = 0 (InAIN/GaN
S L) SR s, (HEEE Al EH K, InAIN
B RE IR, By = 0.6 BB y = O
FarHeE, Py = 1IN RRHRME. AlGaN HL¥
SRABEREH Al S = KRN, FEAIGaN 2§
R E AL S EIINFRS: BT, IR Ey > 0.7 B &
T InAIN E S bR, TERREH5INT Hm#ia.

. 1 . 1 . 1 . 1
—4 -2 0 2 4

FJAIGaN/CaNAHHIEEES 2/nm

1 InAIN/AIGaN/GaN 5 i 45 3 250 (dipain =
10 nm)

Fig. 1. The conduction band profile in InAIN/AlGaN/
GaN heterostructures for different Al mole fraction of
AlGaN for diyainy = 10 nm.

P2 /& InAIN/A1GaN/GaN 5 Jfi 45 2DEG [fi
L NGB AlGaN 2 AlBE/RE 70 & B IR KA.
AL EEMOTHEN 1, A InAIN B R 57 B 45 Ny
AR I eI Ja G R B S, AlGaN JZ )
Ao B2 A AL B S R8GO, 51 InAIN 2
R ERRSE TR, 20 < y < 0.2 F W N, I8/
JEEEL. EREE Al &t — PR, InAIN JZ R H 3
e B TS B 2 R A BT R 2K RE g
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b, B EZ T, SN, BT, &ty =0
A NG, ST ER AL S &, N, BE%E InAIN B K
S NP N

2.2

20 TTeea oL iaemmm T

1.8 B _ -7
1.6 -_ T (Z,,‘\—]—\ :1() nm

1.4 -

1.0

2DEGH#EE N,/10'3 cm 2

0.8 1 . 1 . 1 . 1 . 1 . 1
0 0.2 0.4 0.6 0.8 1.0

ABE/RE S &

2 2DEG %N AlGaN JZ Al & &I KBiE &
Fig. 2. Dependence of 2DEG sheet density on Al mole
fraction of AlGaN.

B 3 02 15 e U B B BR 1 3L B 2 psers
b AlGaN JZ Al BE/R B 40 & BB R, KA
1 InAIN Z 5L, psers BEA AL 5 HIHT R Sa i
JEHE K. #EInAIN 25 451 psers 76 Al & B8
NI R/ RLBE A AL B B 0 3G KA TR T
Th, ¥2 58 E InAIN Z 573 45 1) psers. B (8) 20
AR, T RE L B B 52 Ny 5 LT IR BEAN I S
(ONg/0z) B, —J71H, 4 InAIN JEEEEIREL Al
TEEK, R RAEEN N, ST 5e gk s
PSR PR 57 A P S 5, 1R T30 psers; T
I, Ao A Em NAE LT 2B =g
TREAL ], A T8 psprs, WA 2R 3L [F]
EF, ST BB RN InAIN F . Al & B E 4
IR G .

2.6

2.4
22

2.0

1.8

16k S
6 | dipaN = 5 nm

pgppg/10* cm2.V—Ls—1
\

14 — — dmpmain =10 nm

1.2 F - = = = dpain =15 nm

1.0 I . I . I . I . I . I
0 0.2 0.4 0.6 0.8 1.0

AFERE &R
B3 TR shHUN IR # FE % 3% AlGaN 2 A1
Fig. 3. Dependence of the SEFS-limited mobility on
Al mole fraction of AlGaN.

P 4 /& InAIN/AIGaN/GaN 5% Jfi 45 4 InAIN,
AlGaN JZ HL T B% 5 JL 2 B AlGaN 2 ALEE /R H 4y
TENENKR. X TFRE K AN JEE, AlGaN
JZ ALE 3 KA AlGaN J2 35 22 = B AN Wi g, 17
IEINR T GaN Ul i) 35 B (WL 1), 2DEG B PR
55 K InAIN, AlGaN J2 RS 5 J LSRR 42 T FE.
SR GE AL B, Bf 5 InAIN J5 B 88k, #4810
Wi 2DEG %5 FE 5 20 GaN Y38 A HR 7 5 B 18 K
P T AR R, RN 2 2R R
B, R TEAESIN, SRR LR, H
T HL R B TR S 2 A B I 5 1 PR s ek, DR ] —
AN g, RE AlGaN 2 EE HA 1 nm, AlGaN
JZ RS 28 JLR AT KT InAIN 2 KBS JLR.

F —dipaN =5 nm
100F
E — — dipain = 10 nm

PaiGan

-------- dinain = 15 nm

[RZEILR P
S
b
T

10-4F
10-°F
10-9F
1 L 1 L 1 L 1 L 1 L 1
0 02 04 06 08 1.0
AUBRES SR

B S &
Fig. 4. Dependence of the penetration probability in
InAIN, AlGaN layers on Al mole fraction of AlGaN.

Bl 5 29 InAIN 3 717 % 3l 8 R 61 1 3T % %
peprs B AlGaN JZ ALBE /R 1 73 & &= 1B K R,
H1 (10) SRATHL, peprs R HT InAIN Z B 5 JLE,
B AL EHK, InAIN JZ R % JL3000E T %, 5
i poprs PRI EFE X THREE M ALE &, )& InAIN
SRS B E R InAIN 2R 5 LR, ueprs B/D.

InAIN/AlGaN/GaN 5 it 45 f', InAINJZ 5
AlGaN = # & =t & 4, # o & &7 7 iy
S HFIE R R, B 6F 4 kA T InAIN, Al
GaN JZ & 4 o7 B 58 B, DK 38 (1 s iU
SRE. B AlGaN 2 AlE &K, AlGaN JZH1B%
LN (L 4), 5 AR 7 e K s
W, ZFILFEER, $8AIGaN B A & LTl
SRR 1] (L B 2 S N JE 3G K. AlGaN J2 AL 7y
(38 K 2298/ InAIN ZR% 28 JL2, B InAIN JZ 11
B 4 HUR R B IE A AR ARSI K. AT T InAIN
JZ, AlGaN & 4707 U 558, w U 58 5 3
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i AlGaN 25Tk, 24 AlGaN 2 Al &y > 0.7,
InAIN/AlGaN/GaN 5t Jii 45 H & < 0 5 B3 R
ML % paps Bt L4l N JZ InAIN/GaN 7 it 45
(y = 0) M paps.

1016 |k

101/1 ;—

1012;.

- dipaiNn =5 nm

Hepps/cm®V s

1ot é- dipain = 10 nm

— —  dpan=15nm

108 i 1 N 1 N 1 N 1 N 1 N 1
0 0.2 0.4 0.6 0.8 1.0

AIBERE SR
5 AN EUT IR TR N AlGaN J2 Al R
AR F
Fig. 5. Dependence of the CBFS-limited mobility on
Al mole fraction of AlGaN.

£ InAIN
13
0 F O oalcaN |
' f — — InAIN+AIGaN |
"“ 1011 !. I
> E
o !' I
E 100 -
> 3 |
2 3 |
3 =
107
2 e &
H 105 i— o = A A1 ’
g © :
103 E 1 L 1 X 1 1 ! 1 X 1

0 0.2 0.4 0.6 0.7 0.8 1.0
AIBERE SR

K6 & o U REIIITR X AlGaN 2 Al 5 &1
KK R (dipainy = 10 nm)

Fig. 6. Dependence of the ADS-limited mobility on
Al mole fraction of AlGaN for diyany = 10 nm.

1 7 5T B G BN (psers)« S U3
O (ueprs) &4 T IF B (paps) = Fi 595 %
B AT K 00 WS WL B SE L B SR A (porr) PR 61
HOAE R % b ALBE /K 17 40 & RO (L R, il
W, Ey = 0.1 WEEM/NES TS A, 4 4 T i
S o X 2 00 PR A A 3 2, 4 T
Sh, MR TR BB LS TFIBE
0 <y < TEEAKX I, TnAIN 4 o 3 #UH 0T
S5 O IR 1 P 530 T 4 B S B O 4 %
TR, B AlGaN i N2 AL Bk, =
B O L 3t [ PR 0 05T 35 % (prorr) J6 IR

WK, HEy > 0.52 0 o4l A JZ InAIN/GaN
RR4E (v = 0) KL%, AlGaN i\ ZIT 4RI
TR R IR FHER, AIN (y = 1) fEE B E 1
PTHEHE. InAIN/AIN/GaN 57 45 1T 1
InAIN/GaN 5 i 25 1 tH 50%. 57 itk 0 #UH f &
S T U S 2 A BN B, PSS i R 5 B
T RE G B2 ZHAE S, Fik, X PF R L
X AL Fr & 1R AR B B, T BE S B HUH
Z ALE AR M ).

1010 3

109 F ,
E LB
F CBFS Haps

—_
o
o El
T T

TR p/cm2V-1lg-1
\

105%— | % L

101 F

103

K7 =FEUPLRBR S 0 IT R X AlGaN 2 Al & &1
RITE (dinain = 10 nm)

Fig. 7. Denpendence of three scattering mechanisms-
limited mobility on Al mole fraction of AlGaN for
dInAlN = 10 nm.

4 #

A SCE S T InAIN/A1GaN/GaN 5 Jifi 45 i) i
Ha A 7R 5 R A R ER 8 EF AT T AlGaN i A\
2 AL B 535522 2 A S =Myl sz
EH T 57 i %R IR BE AN S S I SL RIE L,
W5 BE 2 Ik R O R B AL R PR B K S 1 K U
N BERU EERALE AlGaN 2, ZHTREEL
5 ARSI IO FE B RS, BN 5E BB AL S &
) 189 K 2 B8 K T Ut/ In AN 574 S 2 40 Bl o o i
PEEAKH T R T RE A LA, R AL BRI OK
Mk /N 78 AL 88 0.1 RN Va N, &
70 B A BRI A 28 1 A BUR AL, 75 1%
0 [ A, - B S B B A 32 AU AL,
InAIN 55 A 35 57 B 6 I 26 1 52 i AT DL 200
At AL EEART 0.52, =PRSS 3L F R 1
(iR R KT LHNZ InAIN/GaN 5 Jf 45 (137
F, AlGaN JZ 7R X IR 2R FHER.
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Abstract

Recent studies showed that the nominal AIN interlayers in InAIN/AIN/GaN heterostructures had high GaN mole
fractions, especially those grown by metalorganic chemical vapor deposition. The Al and Ga mole fraction in the Al1GaN
interlayer determine the electron wave function and penetration probability, and thus affecting the scattering mechanism
related to the InAIN/AlGaN potential layers. In this paper we study the effects of Al mole fraction of the AlGaN interlayer
on three scattering mechanisms related to the potential layer, i.e. alloy disorder scattering, subband energy fluctuation
scattering and conduction band fluctuation scattering induced by In compositionally inhomogeneous InAIN layer. The
wave function and penetration probability in the InAIN/AlGaN/GaN heterostructure are determined by self-consistently
calculating the Schrédinger-Poisson equations and then used to calculate the scattering mechanisms. The results show
that penetration probabilities in the InAIN and AlGaN both decrease with increasing Al mole fraction. The combination
of the contribution of the screening effect and the two-dimensional electron gas (2DEG) density inhomogeneity results in
an initial decrease and subsequent increase in the subband energy fluctuation scattering-limited mobility with increasing
Al mole fraction, and the heterostructure with a smaller InAIN thickness has a larger mobility increase. The penetration
probability and non-periodic arrangement of Al and Ga in the AlGaN predict an Al mole fraction dependence of the
alloy disorder scattering-limited mobility similar to the subband energy fluctuation scattering-limited mobility, and the
alloy disorder scattering occurs mainly in the AlGaN because the penetration probability in the AlGaN is much higher
than in the InAIN. The conduction band fluctuation scattering-limited mobility monotonically increases with increasing
Al mole fraction due to the decrease of the penetration probability. The subband energy fluctuation scattering-limited
mobility is less sensitive to variation in the Al mole fraction than the other two scattering mechanisms-limited mobilities.
In a small Al mole fraction range around 0.1, the alloy disorder scattering is a dominant scattering mechanism, while the
subband energy fluctuation scattering dominates the mobility beyond this compositional range. When Al mole fraction
is above 0.52, the three scattering mechanisms-limited mobility exceeds that in the InAIN/GaN heterostructure without
the AlGaN interlayer, indicating the promotion of the mobility by the AlGaN interlayer. The mobility is raised by more
than 50 percent in the InAIN/AIN/GaN heterostructure with an AIN interlayer compared with that in the InAIN/GaN

heterostructure without the interlayer.
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