Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

1 Fe &PH GaN &4 E4F M R ExT AIGaN/GaN S FiEB XA E R HFHE AR

E OFRIIE HF ORRE FzE TRT OFRE REY KINM

Growths of Fe-doped GaN high-resistivity buffer layers for AlIGaN/GaN high electron mobility transis-
tor devices

Wang Kai Xing Yan-Hui Han Jun Zhao Kang-Kang Guo Li-Jian Yu Bao-Ning Deng Xu-Guang
Fan Ya-Ming Zhang Bao-Shun

5| Fi{Z & Citation: Acta Physica Sinica, 65, 016802 (2016) DOI: 10.7498/aps.65.016802
1E2615%)13% View online: http://dx.doi.org/10.7498/aps.65.016802
A 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/11

AT RE RSB E A L&
Articles you may be interested in

Ti/TiOo E1.78 ZnO: Th YK L4k 115 2 i
Optical properties of Ti/TiO, caped Tb3*+-doped ZnO nanofibers
PP 2E4%.2014, 63(18): 186801  http://dx.doi.org/10.7498/aps.63.186801

BN <5 B A2 A S A 2 T AN [F) AR LB — 1k SR BT 7
Density functional study on the different behaviors of Pd and Pt coating on graphene
Yy 2442014, 63(17): 176802  http://dx.doi.org/10.7498/aps.63.176802

T As BN i BE Si R SRR 0 B
Influence of high dose As ion implantation on electrical properties of high resistivity silicon
YE 22 4.2014, 63(13): 136803  http://dx.doi.org/10.7498/aps.63.136803

# He £RJIE 1 He L 135 AL BIF 7
Study of the evolution of helium bubbles in helium-containing titanium films
YEZ4.2012, 61(22): 226802  http://dx.doi.org/10.7498/aps.61.226802

TS 1) 2 GeNb 45 2% At 2747 B AN L PHL 2R 1) TiO T
Ge and Nb co-doped TiO, films with narrow band gap and low resistivity prepared by sputtering
Y %4.2012, 61(20): 206803  http://dx.doi.org/10.7498/aps.61.206803


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.016802
http://dx.doi.org/10.7498/aps.65.016802
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I1
http://wulixb.iphy.ac.cn/CN/abstract/abstract60935.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract60935.shtml
http://dx.doi.org/10.7498/aps.63.186801
http://wulixb.iphy.ac.cn/CN/abstract/abstract60711.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract60711.shtml
http://dx.doi.org/10.7498/aps.63.176802
http://wulixb.iphy.ac.cn/CN/abstract/abstract59896.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59896.shtml
http://dx.doi.org/10.7498/aps.63.136803
http://wulixb.iphy.ac.cn/CN/abstract/abstract50495.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50495.shtml
http://dx.doi.org/10.7498/aps.61.226802
http://wulixb.iphy.ac.cn/CN/abstract/abstract50737.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50737.shtml
http://dx.doi.org/10.7498/aps.61.206803

32 % R  Acta Phys. Sin. Vol. 65, No. 1 (2016) 016802

#EFemME GaNZHEFF R EX AlGaN /GaN
SR FIBERBRERHNF IR

EFUY AEDT BHED RERY magd) FTeTY Hek?
EILAY  KEIRY

1) (AL AV R 5 B G4 TR, S FRARS LB H M ERYIRE, L 100124)
2) (1 B RRE B S5 M DK AR S GOR T LRSI, GRS R E R segss, JAM 215123)
(2015 4E 7 A 8 FURE]; 2015 4 10 A 14 HikFME R )

FIH 48 A WA S SAHDUR BORTE 36 = A 4R B 4% T35 Fe mifH GaN LA K& AlGaN/GaN & HFiE
R WA (HEMT) 4584, 4 CpoFe i B AN A 7 B GaN FtE 3T THFFE. W45 BRI, Fe 24 fE GaN
FHRER 51N FedH/2F 1R 52 E e B i M2 1S SRR TR M T SEBLR BH, Fe 44 R 7E GaN A1kl p 5] A
L2 FAER M T4, MAE—EfRE FAME T8 RBRIR TIRE. fE— N, GaN Ak 7 Hd pH BE
CpoFe s 3G T3S N, CpoFeifi® A 100 scem (1 scem = 1 mL/min) B, J7 B FEIE IIAS BB & 73 4
BN CpoFe i & 4 S 8RR B T B, R0 E AR, Rk, ik CpaFe &N 75 scem, AN J7 B fi B iE
1 x 100 Q/0, #ME T A5 Fe 2R ) AlGaN/GaN HEMT 258, 6% e k. HEMT #{EA R
YT 2 W DA R A R v, I HA8 N5 Fe J2 R 675 HEMT 2344 10 28 FUR IR 1 39.3%, [0 281 (5%

FFPESZI ).

KR =iPH GaN, Fe 5%, Ml 7B R ik

PACS: 68.55.Ln, 68.55.ag, 81.15.Gh

1 5 7

I AF K, GaN 3 & 75 # 2 5 74 B (high
electron mobility transistor, HEMT) B F 3 & 1)
o B 0 A TR B DL R R AR R
ZENATH Tz o -0l AR H A A Ak
(07 dh, (EEAAFAEVE 2 10T fe ok, EL . Al-
GaN/GaN HEMT H{71E B 22 b 2 I HL I R, 230)
BRI WTRFIE LR A AR R R e () H
TERRMHE R 240 Bl REZ RS P L
Jere PR 2 101 25 Tk AR R 2 s

FEME B GaN —BERIU A n B, Rty 1k
Pl P GaN, 75 238 51\ 52 RSOk A X 4k

ERAHL SR THTTRE

DOTI: 10.7498/aps.65.016802

L, AT LU 50 N 0 g B A DA ST
ZERFCRSLIL. RS EAAE DS S
DU (MOCVD) A4 K, mT DLIE I 5038 i )2
E KSR ) e A R K 7 AR RS,
7E GaN JZ o 5] N7, XA 1T LM GaN 2
HH TS SRR T, AT SE B B T DL i 45 4k
Fe 12l Mg 18] ¢ D4 2557 3 J JF R M TS S8R T
DASEI Ry BH. SR, 55 e (A0 4 % i 4 B B el ) 2
HUGH B R = A AR RE M. Mg 24 S5 FO 0 e 55 s,
T B IR I R B 1) Mg RAME 1S R BIR 1, AT
SRR RS, I H Mg B A5 1E “ie 123N,
CH a4+ BARARAAAE “Ue IR (& B R AR IR
FHETAHERT CHEMBN, XHAEKEMGSS
M GaN FMEM RS TR N . Fe 45 4 0E &L

* [HFHRFEES (WS 61204011, 11204009, 61574011). Jb 5T H AR # I 4 (HEHES: 4142005) LR 1T BZE 68 132 TH I
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Rt Mg, AREL S B RKE, FIASTE

Fl Fe VE 9% 245, % GaN MR HEAT 45 44 1T %

B R, BT T CpaFe it & 4 & B GaN #4 k)
G52 DL K35 Fe J2 2 5% HEMT 2844 520,

BT A B b B 1E 35 [ Veeco 24 7 42 7 [ D180 7Y
MOCVD ##% EA K. R 2 in (1 in = 2.54 cm)
C 1 (0001) ¥EAFIE, L=HFEH (TMGa). =
FH B 4E (TMAL). %%k (CpaFe) M2 < (NH;) 7
FAE N Ga . Al Y8, Fellil (Ga, Al, Feif4liJE
49°99.9999%) A1 N U (26 B2 24 99.999%), A=K it 72
H DL H fE B, #1050 °C R X ER#ET 3 min
2 TH TR AL B 43R 31 480 °C, ARG E FAEK L)
30 nm E B A% =, B R 980 °C 4K 30 min
% Fe ] GaN (GaN:Fe) #MEJZ, )5 B4 60 min
e 4 GaN(u-GaN) ZRE 5. FE il AL, A2, A3
FEIX MO AT N A&, AFEIZ CpoFelii &, 43N
50, 75, 100 scem (1 scem = 1 mL/min). F£fih A &
4745 Fe, 1E TR,

B J5 K AL I CpoFe i A K HEMT 4544,
AR T 755 (1050 °C) T X 47 7
b3 5 B IR 21480 °C, )5 Mk F A K 2130 nm
JE Az E, BFHEF] 980 °C A K GaN:Fe )2, %
FHEKu-GaNFMEZ, BE 54K 1.5 nm i AIN 4
NJZ, TJEHME 30 nm 1] Alg 05Gag 75N #2 2. FE
i B1, B2, B3R HIX P54 H GaN |2 & R JE —
., AN )& GaN:Fe JZ 1 u-GaN JZ [ JE FE, B Ak
w1 pral.

#1 HEMT 45/ £ i GaN:Fe 2 fil u-GaN 2 [ 4E£ K
I [8]
Table 1. Growth time of GaN:Fe and u-GaN of HEMT

structure.

Fem GaN:Fe JZ[1] u-GaN 21
A K]/ min A KIS/ min
B1 30 110
B2 60 80
B3 90 50

FE fi R 435 #h 28 K Bruker D8 Discover 545
HEX HHEEATEHY (HRXRD) W45, 383 Hall 3 A
T A iy B R R R it 1) 7 R i BELE AT U (A
d R A Hall A5, A1, A2, A3FESLCR AL f 2k
FEREYR). FE A IR I TES & TS Veeco Dimension

3100 J& 7 1 B4 (AFM) IR 2. R =1
HER G (PL) 15 3R H A 325 nm ) HeCd
PO AE ORI,

3 HR5iT#
3.1 B#E CpFe R EX M RIFERIZ T

B 14 XRD IR 4 (002) A1 (102) T AE 2K =
% (FWHM) b CpoFe Uit & )34k, WK 17 LUE
B, K45 Fe (LR (002) AT (102) TH FWHM 435
A 260 1355 arcsec, Tt CpoFe it #8450 scem Y,
(002) #1 (102) i FWHM 43 7] 4 273 #1410 arcsec,
B 1E CpoFe Uit 5 FAK I XA RE 0 4 i 2 52
M /. 24 3E— 25 8 0 CpoFe Uit &, #F 5 1 (002)
H1(102) [ FWHM B 48 %5, X £ 802 i T
CpoFe Wit I N, 5 21 Ga i 147 B #f Fe i
TR, A R SRS AR, MR R R R £
e B FEEAH [R] TR 6 T, B i ) FWHM 32 22 e Bt
BHOALH5 5 B, FF H (002) M # FWHM = 2 J it
TR R AL AR E S, T (102) [ FWHM £ 2 5
MR T) A4t A o 19161 I 138 /] PA LB 31,
Bl CpoFe ML IHE M, 5T (102) [ FWHM b
(002) [ ) FWHM 345056 inid g, K45 A Fe &
TEM B G NE Z T, X2 R FEM R A
K, Fe &l B AE15 Ga i1 )R L%
FR T S8 CaN A KB 4 (2D) £ K
AR =4 (3D) A K, 3D A KRN B4 T &
7E 32 CUAR 7= A2 A A1 ) 70 A 4 D81, {45 (102) THT 19
FWHM # i 58 ik, FR, BT GaN A Kt
1 2D AE KB AR 3D AR K, X AR 1A R R TH AR 1S
TEOIALRE. B2 CAFESN A, AL, A2, A3 I AFM A,
FARIXIEA 5 umx5 pm. M 2 7] LLE B, £ 59 A,

1000

—m— (002)
—A—(102)
A

o
[}
o

600 -

- A/
a00p /

S
n

/l

FWHM/arcsec

200

0 50 75 100
Cp,Feiji it /sccm
Bl 1 XRD MR FWHM 5 CpoFe FiENIK &
Fig. 1. FWHM of XRD as a function of CpaFe flow

rate.
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Fig. 2. (color online) AFM images of the samples: (a) Sample A; (b) sample Al; (c) sample A2; (d) sample A3.

Al, A2, AS¥IE Gt A KB, AH N iR 1R
B 235104 0.206, 0.393, 0.548, 0.927 nm, % B KE
¥ CpoFe it MMM, GaN 2R K 2 ETHiE
#, 1X 5 Heikman 2 [ [RRF 72 &5 5 — 2L

B 3 N EEh J5 B s BEBE CpoFe Vit & AR 4L, A
Bl 3 W LUE B, B & 1 5 B ra B BE CpoFe it f 38 0
MG N, K95 Fe FE fh 7 BLHBHAK 103 # &= 4,
CpoFe Jit 84 50 scem B GaN JZ 7 B HLFH A 10% 21
w2, M CpoFe i EIE A 75 scem I, GaN JE 7
PUH BH ATk 3 1010 Ho i g%, 4k 2R N CpoFe it &,
GaN B E IR EHE. — BB, BT #E
FAARRE RO BT B H GaN 2 1E i 3=
24 POL (E 1S AR R 35 24 1) GaN i n B T Fe 2%
JRAE GaN H{E N Fed /24 i 52 T B4 21 e % 4b
% GaN M EMEAE 115 S a0 1, AT 3G A4 kL
HLFH. b 4h, XRD 45 5 7R 38 0 CpoFe it & {45
(102) Tf1 ) FWHM 38 in 55 eg ., & B34 0 CpaFe
TSR G NE 2 B T4, T T AL TEA R
it sz AR P2 T e A ME T SR TR, R
B3 A kL BHIGAE . (HE B NI 2 1) Fe 24
JiH] BE T 8O AR B AME UL, AF A RME R T B,

[A 177 CpoFe it &4 1 % 100 scem B & B8 B 1T 52 &
GaN PR J7 Sl

1011 n
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Fig. 3. The Sheet resistance of the samples as a func-

tion of CpaFe flow rate.
B4 NFEM AL, A2, A3 KR PL g, WiE
Bl N 330—700 nm. M4 7] DUE B, =ASFE S TE
362 nm Kb ¥ A7 E BB 1 47 3 R Sk U, T HL51 K
BB — O DG R BT B T FIR
REZR (i 3= 8552 3) 18] AR 51 R i, e rh it 32 m)
AEHH Siga, On Fl Caa 591N, IR AEH ] HE ALK}
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[ 45 B b (U Ga 2 ) Bl — e FAth B 51N 1290,
£ GaN A K 8 hi5 N\ Fe 24, Fe Jil 743 5 Ga
JE 00 E, (H 2 [E 2 (M MEA R AR [ Ga
i 124 DR R B A R e 1= A B A AR
T AR AT R S FWHM, 7] LLE 3, BiE
CpoFe W& M1, FWHM 2258, MR &= T
F%, X5 XRD 45 50—

: I
355 360 365
K A1 FWHM: 3.90 nm

370 375 380 385

AHXTHREE /arb. units

S A2 FWHM: 4.56 nm

e A3 FWHM: 4.74 nm
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P /nm

B4 (MTPEE) SRR PL i

Fig. 4. (color online) PL spectra at RT for the samples.

ZIE B NIT 2 1 Fe 24 it 2 615 M KL &
B, KRS EAHLRE, 1 H CpoFe i & 34 1 2
75 scem J&, ZKZEHE N CpoFe it & FF A GE BH S5 34 i1
GaN kL RH, K ik B CpoFe it &8N 75 scem #b
4 HEMT 4544

3.2 B FeEEENHEMT 4N

¥ HME [ HEMT 25 84 ) £ s 1, IR AR
W &%, KM Ti/Al/Ni/Au VU248, @it g
TR FE T2 LR KSR R R 42 fil
Wa, KA F B FENEATRRE; &5, @l frR
ARRMFE T Z, K Ni/Au )R e b 20,
BRI 5 (a) FTR. IR IRIEE A 15 pum,
MHE 4 pm, ME5E 100 pm, MHREEEEY 7 pm. I 28
PEAE S A T SA5 B SR LR R Al FELRH (Re) N
1.21 Q-mm. KA C-V M43 2F 5 B1, B2, B3
TR T RHNR B 4 R 8.84 x 1012 8.57 x 1012,
8.51 x 10'2 em~2. HallWllf34f i B1, B2, B3 iE
343518 1550, 1330, 1050 cm?/(V-s).

K5 (b) NFE S BL, B2, B3R LV, =
10 VIR B R R P il 2, 4 B 9 6 4% ith 26 i D) 26
ALk (y = 0) 28 A5, 7T LAF EIRE ) B, B2,
B3 1 BA & 5 51 N —3.83, —3.56, —3.39 V. 7]

DLE = AN S 28 m SE B DG, HLR I R A A
PRV, FEAEM T, A0 B, B2, B3 BlsRH
TR TN REESA, AT RS AR ) g TSR AT
R A 00, B2 X AR A B 2, R AR5
Fe JZ 5 &5 84 I FE R R PE R L/

S @ D (a)

AINFTNJZ

0.05
0.04
i 0.03
3
@ 0.02 L
% 0 @ /,
E ol TTT 7 FESB1
7 — — HahB2
ol P - - - - H4B3
1 1 1 1 1
—6 —4 -2 0 2 4
WHRHUE V,/V

5 (MTIEE) (a) P& B R (EHdS, GFD
o AR IR AR AN s BR) (b) B i B0 6 B o 1k i 2
(Va =10 V), B9 1 BE # T

Fig. 5. (color online) (a) Schematic view of the device
structure (S, G and D represent the source, gate and
drain, respectively); (b) transfer characteristics curves
of the samples (Vg = 10 V) (inset: threshold voltage
of the samples).

ST mahB1 "

— — B2

4+
- B3

Tt LT Ta/mA
(V]

0 100 200 300 400 500 600
AR Vo/V

K6 (MAEE) FERERS (Ve = -7 V) I Ig-Vg gk
Fig. 6. (color online) Off-state (Vg = —7 V) I4-Vqy curves
of the samples.

K6 N FE M B1, B2, B3/EXWRE(V, =
—7 V) N I-Va 8. B 6 mTLLE H, I 7E Vy
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I8 B — Bl J5 AT, MR Es R EE, RSB,
B2, B3 1 % FLE 7 508 349, 457, 486 V. 7] L&
H Bl 5 Fe |2 R FE 38 N, #4005 28 R IR =
T 39.3%, RIS Fe |2 B 50T LA 303 m 2814
)i 28 HL .

4 % @

K MOCVD 4 K45 Fe =Bl GaN #4 8} K2 Al-
GaN/GaN HEMT £5#), Wf 7 T CpoFe i &5} &b
GaN # L 52 1 UL K 5 Fe J2 B £ X} HEMT 28 14
PERERIRE M. WSS R RN, FedF A% F 4 AL
GaN # v 5] N ) Fed+/2+ 552 T2 RE 20 e s b =
TSR T T S Bl B, R, 45 Pe ffi 15
MELSINEE 2 (1) T) A0 8, 17 T) A 4 75 A1 K] R S 52
FAEH, W — e FAME T S8R TR,
S UG 4 AR R BB N Fe BE 15 A R0 1) 3 6 4 1)
PR HLERRPEAE LR, 7R — o JEH A GaN #
K} 77 B s B BE CpoFe it & 38 i 4 1, CpoFe i &
9100 scem B, J5 B B IS DA FEBR R 5 Ah o
I CpoFe it £ 1 25 5 HOM RL T & T B, 22 1 5
FRE. R ACE CpoFe It 88 75 scem, AW 75 Bt
N1 x 1010 /00, 4ME T A Fe )2 B 1)
AlGaN/GaN HEMT £5#J. HEMT &3 B A R
UF (1) I Wy DA R A2 e 1, 5 B3N 15 Fe 2 2 & A
3 HEMT 2814 1) 28 R T 39.3%, [RIES 4%
PRI RS R PR L/,

SE 3
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Abstract

Fe-doped high-resistivity GaN films and AlGaN/GaN high electron mobility transistor (HEMT) structures have
been grown on sapphire substrates by metal organic chemical vapor deposition. The lattice quality, surfaces, sheet
resistances and luminescent characteristics of Fe-doped high-resistivity GaN with different CpsFe flow rates are studied.
It is found that high resistivity can be obtained by Fe impurity introduced Fe3t/2* deep acceptor level in GaN, which
compensates for the background carrier concentration. Meanwhile, Fe impurity can introduce more edge dislocations
acting as acceptors, which also compensate for the background carrier concentration to some extent. In a certain range,
the sheet resistance of GaN material increases with increasing CpzFe flow rate. When the CpzFe flow rate is 100 sccm
(1 scem = 1 mL/min), the compensation efficiency decreases due to the self-compensation effect, which leads to the fact
that the increase of the sheet resistance of GaN material is not obvious. In addition, the compensation for Fe atom at
the vacancy of Ga atom can be explained as the result of suppressing yellow luminescence. Although the lattice quality
is marginally affected while the CpoFe flow rate is 50 sccm, the increase of CpoFe flow rate will lead to a deterioration
in quality due to the damage to the lattice, which is because more Ga atoms are substituted by Fe atoms. Meanwhile,
Fe on the GaN surface reduces the surface mobilities of Ga atoms and promotes a transition from two-dimensional to
three-dimensional (3D) GaN growth, which is confirmed by atomic force microscope measurements of RMS roughness
with increasing CpaoFe flow rate. The island generated by the 3D GaN growth will produce additional edge dislocations
during the coalescence, resulting in the increase of the full width at half maximum of the X-ray diffraction rocking curve
at the GaN (102) plane faster than that at the GaN (002) plane with increasing CpsFe flow rate. Therefore, the CpaFe
flow rate of 75 sccm, which makes the sheet resistance of GaN as high as 1 x 10'® Q/0, is used to grow AlGaN/GaN
HEMT structures with various values of Fe-doped layer thickness, which are processed into devices. All the HEMT
devices possess satisfactory turn-off and gate-controlled characteristics. Besides, the increase of Fe-doped layer thickness

can improve the breakdown voltage of the HEMT device by 39.3%, without the degradation of the transfer characteristic.

Keywords: high-resistivity GaN, Fe-doped, high electron mobility transistor, metal-organic chemical

vapor deposition
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