Chinese Physical Society
M!l ﬁ Acta Physica Sinica

. Institute of Physics, CAS

EAER T N RUHBESE MM ERSFEREE ERBEYN

KK RiE ERTF IR AKX

Atomic scale piezoelectricity and giant piezoelectric resistance effect in gallium nitride tunnel junctions
under compressive strain

Zhang Geng-Hong Zhu Jia Jiang Ge-Lei Wang Biao Zheng Yue

5| {5 & Citation: Acta Physica Sinica, 65, 107701 (2016) DOI: 10.7498/aps.65.107701
TE 25 7 3 View online:  http://dx.doi.org/10.7498/aps.65.107701
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/110

AT RE R B E b3 E

Artlcles you may be interested in

PR 3R 51 < A o THURE I T e 4 o s 2

In situ tuning hydrostatic pressure at low temperature using electrically driven diamond anvil cell
YE=4.2016, 65(3): 037701  http://dx.doi.org/10.7498/aps.65.037701

SR A7 B S 1) 28 A TR 1 AV B i D R AT

Spectroscopic ellipsometry study of the Zn3N, films prepared by radio-frequency sputtering
PP 2%, 2014, 63(13): 137701 http://dx.doi.org/10.7498/aps.63.137701

BT 2R PR 1 2 S RS R G 21 0 h 2L AME S TBORRF YR 7T

Fabrication of erbium-doped chalcogenide glass and study on mid-IR amplifying characteristics of its mi-
crostructured fiber

YE%4.2012, 61(15): 157701  http://dx.doi.org/10.7498/aps.61.157701

— 4[5 H Fibonacci 28 1 & 31 75 - it A A ke 12

The transmission properties in one-dimensional piezoelectric Fibonacci-class quasi-periodical phononic
crystals

YyH 2422012, 61(10): 107702  http://dx.doi.org/10.7498/aps.61.107702


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.107701
http://dx.doi.org/10.7498/aps.65.107701
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I10
http://wulixb.iphy.ac.cn/CN/abstract/abstract66529.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66529.shtml
http://dx.doi.org/10.7498/aps.65.037701
http://wulixb.iphy.ac.cn/CN/abstract/abstract59927.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59927.shtml
http://dx.doi.org/10.7498/aps.63.137701
http://wulixb.iphy.ac.cn/CN/abstract/abstract49094.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49094.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49094.shtml
http://dx.doi.org/10.7498/aps.61.157701
http://wulixb.iphy.ac.cn/CN/abstract/abstract47574.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract47574.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract47574.shtml
http://dx.doi.org/10.7498/aps.61.107702

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 10 (2016) 107701

E4a T E T N AL HRRE S & BB
K H B e HE PR

REBUY KD

EHE

F VDI HER D

1) (T LR =R S TR R 2 e, aNBE 128 s, T/ 510275)
2) (PR R R S HOR E X S0, M 510275)
3) (Pl RF A TR S B AR Y, BkilE  519082)

(2015412 A 3 HU&H; 2016 4 2 A 18 HIL R &8H )

BT S PTEEVERT SO0 H 2B SR B R REAL T A I 9 At S B B RT3 — MR s
THEL, ASCWETT T P 26 A8 380 0 BAL B (GaN) I 25 2 25 v 22 PR RN F i i R i, 8 3 RUBE B BiRL
T RACE BRI A5 I OU S B, B0AIE T A FERI B A LB (GPR) RN 545 RAR W, T 4 N AR Ay 7] LA
T S TG 25 N AR 3 22 2 I L S5 R e P A P b7y LT 2 P AT RR A B B8, 3 TSI B B T 45 P R A A g o
R AR, £ —1.0 VI E RIS T, —5% 10 Hs 2 R AZ B4 AL BRBE T8 45 1 B 27 P BEL A 2 4 175, AT
FURBL T BB RIS 25 76 4% il 1 2R v BRI 0, Rl 1 AR TREAE A 4% H T A 1k E D5 i 1 D'

=5 5L
H 5<.

KR NACIE, GaN BEIESS, o0 ffk, B i L BH M

PACS: 77.65.—j, 77.80.bn, 73.50.Dn, 77.84.Bw

1 5 =

21 LB IR, J T 1o L OB AT A 3 AR ) s
FL R 2V R R, 2009 4 CA T R YR
Z—. Bl SEgKEE, BRE T OO
RIGHTHY, S0 2R, B R M R
I L A RS O R B B S PR AR
P BB e AT A2 L B AL A Ji v FH 45

FACER (GaN) 15 = Ak (FE45 T
) MRHIARER, HAR T 58 ik 3.4 oV, BAT
T il AR E A SR 2 IR, PR
5o B8 P RN e i e T RE AR 9, )2 BT T iR
i 12 GaN it BA MREF I R, Al R
FTRIGHAE, i Foe R — i B g,
GaN &2 s AR, BAIRGRIRAL Y, H57 R

DOI: 10.7498 /aps.65.107701

25 FHH ] AT J R P i A A ) 4R, T
VZ N T e S A R RO eh POl GaN Bk
N T A TR A2 —.

AR, AERPRLRI S AF 1 A2 7 L ) % %%
AUIR TR AT R R, By AR AR AE 8 . B R
5 e R R IO A7 AR, ST AR IR RIS, AR5
e gt k= S N T AN A ) s S e s AT /S
SXF AT, R T R T RE A I 1R E 7 A 2
BT 3 LA KRR S B RE i I EARTA, A
171 SE DAL RR AN 88 155 RE A 250 B %, X BN —
T 75 R I R B — T #A R TR (R ) B3R T RR).
EAE H a1 R SR B AT IR AL ) 2 S A B
IR 7R R A AN DL SE R, IREAS T
AR B, 78k L4, Zheng Al Woo 71 )\
B B3R T AT s 8 1 Uy U Bk F T

* PEE LGRS (HHE T 2014M552267) Al S8R R B DURMIT R 4 (k5 20110171110022) % B R R &,

T B E1E#E . E-mail: wangbiao@mail.sysu.edu.cn
1 #E/E#H. BE-mail: zhengy35Q@mail.sysu.edu.cn

© 2016 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

107701-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.107701
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 10 (2016) 107701

ShibE o W lH, B ORI B R RE (GPR) 20,
Ry 5 2340 AT DA 25 15 % 1 45 B o H BHLASE R
A B R, X AE AT 45 L B AL RS S5 T T
B AR KN AT 5. Luo %5 B N EE — B -
WIS E 18k B BE T 45 1) ) 5 P RN T AE R H
AR, Zhang 25 1 55— SR EE - SEBL T N AR
X AGEE (ZnO) FEIE 25 HL 2% 4 o R B 28 FiL L 1Y) 1
¥, o~ 7 H GPR A, 5256 b, Yang 25 [0V &1
ZnO I LI 8 1 e R BURE ) e H A B TS
BR (11 — 15] W58 1 J1 % 8 XF ZnO 49K 2k, 9K
s s IR e T & S iR
T, RIS 3 A AE S e R T HLER AT RIS
TR 78 Q0 7 1 R RS2 R0 R H O
T

SR, X T 5 ZnO B A HH [ 4 88 77 45 14 1)
GaNTii &, FMAW A E ZHEh THEF AL
S, 3 EA ST O, AR, TN H AP RE
L T HARM B B RE T ARAL e N HEE M
FEAME TR A 7T 10181 (E % FL g K I F M AT 7
MPARXT D, Bk, B GaN 9K 25+ (A & A0 il
7%, A K GaN 92K 45 74 He i 4 e 1) BF 72 312 0 I A5
. Agrawal Al Espinosa 1912011 4E % LB 58 T
GaN H1 ZnO 9K & 1) B & W ARF PR ROSE 28087, & R
GaN Bk HURFE 5 98K 28 RO A B8 A& HE ZnO
HONE . RN, ZhangZE PO T GaN 4K 2%
J FELME B AE S B A RST TR AT . B4, 2012 4F Yu
2 U B SE GaN g4 K s s o 57 10 H 2 R R AT
THWEF. BEfE, e R £ REFER A T GaN
KT B s B LT AT N, D GaN R HL g AR
I CAZH 25 4 B (K 38 4 2R 122200 Bl AT
ORI GaN K 42 (1) s L HL 47 9 52 A 1 B 1) 1)
somg R0 BUEE, AATTCOR I SCTE GaN 4K R B
H AR R P RE, TFa6 3R 2 FL 52 ma PR 3R I A
N R 4% SR AN 7, B T — 8 R, gk Ik
L 1290 BB R AR 21 ol el R ) 88 R A JK
S 570015 % i 2 AU REI GaN
S YA L L S T IR N R, A EBAEGIK
FE R AT |5 — 6 2 M, SRR AR B —
AT

AICKG PL Ag-GaN-Ag FRIE 25 N, R H 5 —
P JiR BN B s 7, W FC R AR AR 2 X GaN
B TE S5 LS AR (A Re Y T R S
WA R E ) A1 L Y A B B2, — B L AOW R AT
N, PR FL AR A 5 T R, AR A SEELRLAR

0 L HLEE PR RE TR I

2 WHHEARA L%

ALK Ag-GaN-Ag g1 25 J5i 17 45 MR =
B 1 TS, e (0001) B ) GaN #4542 78 JiE
JEAEWAS Ag(111) AR 2 [ T M Bk, Hoh GaN [ ¢
MR 2 A7 ). B R TTHE A GaN R IE S5 (1) &L
MIBR TG, 1E a-y P10 A BT . B 1 (a) MIE 1 (D)
a3 ) 2 g 5 ) A T B AR, T L (o) 4
AENB AT R REIE S, WO T R InE T = W
H w-y VTPl P 36 5% T e 350 B0 Tt i s 4 AR
XERNARKNE X Ne = (a — ag)/ag, FHH aFlag
3 ) 2 7 Tt 10 He 2 A% B A0 AR I B AR B BRI 2 -y
ST P L A o B, 3 T AR e b B 7 i 19928 A
GaN J& Ag [P BCRE 5t Hb, I A B 3 45 -y ~F- THT Y i
F& 5 B UL GaN R EUE. #ao W N TR
ST R GaN S o {85 F %, N 3.216 A.

A S A R T 45 1) 45 R AT A ot TR R A
T v S SR R T R 2 R B R R P T O
1] Vienna ab-initio simulation package (VASP)
BRI ) A e SR BE AR T SRS
1AL (GGA) 1) Perdew-Burke-Ernzerhof (PBE) 77
22 13017 Ji# 50 K F] Projector-Augmented Wave
method (PAW) U Sk fifi ik, 78 45 #) t 1k oth 7%
PN S = e A TS N P = I 23 1S
JHl Monkhorst-Pack 77 72 52 43 5l %1 43 k 559 4% Ay
9x 9 x 3M13 x 13 x 3. TEAMAI TR I FEH,
Re ISR E ) 10~ eV, BbAh, XFFAF N AR
B T B GaN BRI 4, H g 5 2 o F1 & AR
T A ABARERIEAT T H BT

GaN B& 18 &5 g5 M AL e, FRATTR A 2k T %5
T2 BR R R ST R b R B 72 P8 [ Atomistic
Toolkit package (ATK) £ B45°1 i 5t Ik 18 &5 78
AR B A B ) S AT . N BRI GaN 35 22
X ELAR P 2, 7R ATK H A 8 0 B Bl ik R B, A
R X T GaN#B 2 EZA AL B E T
4EM3ZE Ag i 1. THE b HL T A AT i TR AT)
X H GGA-PBE. JiR mihg [E, Il J5 1 i R 35
B I - 030 BE 2H R FH XX ¢ A AE (double zeta polar-
ized). ULAk, 18 F B THER AT EIN X k RUDURER
HI18 x 18 x 100 By RME, MiiH5 A iitit, MR 1
70 x 70 [R5 4 ke OAS S 1 BT L L S gy m) bk
A LR X A I S AT AR

107701-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 )  Acta Phys. Sin. Vol. 65, No. 10 (2016) 107701

D T
Y N 20
ﬁ‘*ﬁ.("ﬂﬂ.\ ¥
DA = =
PO U

- - Iy U . VR .

Kl1 (MTIER) Ag-GaN-Ag RRIEL R FAMRRE () MM, Horb 4 75 HE g B8 18 45 (¥ S 70 4 (b) R
JS2 A A IR B8 SEAALI () B 45 AR B I 77 5K, Heeh SR U TAT T N S 2R 2K @, b YT TN

Fig. 1. (color online) Schematic atomic structure of the Ag-GaN-Ag tunnel junction: (a) Side view of the
tunnel junction, the unit cell of the junction is shown by the box; (b) top view of the junction without strain;
(c) scheme of strain how to apply into the junction, which is parallel to the in-plane lattice basic vectors, a
and b.
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Fig. 2. (color online) Electrostatic potential energy distribution of the GaN tunnel junction in the z direction:
(a) The electrostatic potential energy profile of the GaN tunnel junction without strain; (b) the double
macroscopic averages (DMAs) of the electrostatic potential energy in the central GaN region under different

compressive strains, the evolution trend of the DMA with applied strain is labeled by the arrows.
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Fig. 3. (color online) Piezocharge density and average
polarization of the GaN barrier in the tunnel junction:
(a) Piezocharge density distribution of the GaN barrier
in the tunnel junction under strain. The position of each
atomic layer is labeled by the dotted line; (b) strain inter-
related evolution trend of the average polarization of GaN

barrier in the tunnel junction.
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Fig. 4. Tunneling current of the GaN tunnel junction:
(a) Tunneling current as a function of bias voltage un-
der different strains and (b) dependence of the rescaled
tunneling current on the applied strain at different bias

voltages.
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Fig. 5. (color online) Tunneling resistance and the
GPR effect of the GaN tunnel junction: (a) Tunnel-
ing resistance of the GaN junction as a function of
bias voltage under different strains; (b) GPR ratio as
a function of applied strain for the tunnel junction un-

der different bias voltages.
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Abstract

It is an urgent and significant issue to investigate the influence factors of functional devices and then improve,
modify or control their performances, which has important significance for the practical application and electronic
industry. Based on first principle and quantum transport calculations, the effects of compressive strain on the current
transport and relative electrical properties (such as the electrostatic potential energy, built-in electric field, charge density
and polarization, etc.) in gallium nitride (GaN) tunnel junctions are investigated. It is found that there are potential
energy drop, built-in electric field and spontaneous polarization in the GaN barrier of the tunnel junction due to the
non-centrosymmetric structure of GaN. Furthermore, results also show that all these electrical properties can be adjusted
by compressive strain. With the increase of the applied in-plane compressive strain, the piezocharge density in the GaN
barrier of the tunnel junction gradually increases. Accordingly, the potential energy drop throughout the GaN barrier
gradually flattens and the built-in electric field decreases. Meanwhile, the average polarization of the barrier is weakened
and even reversed. These strain-dependent evolutions of the electric properties also provide an atomic level insight into
the microscopic piezoelectricity of the GaN tunnel junction. In addition, it is inspiring to see that the current transport
as well as the tunneling resistance of the GaN tunnel junction can be well tuned by the compressive strain. When
the applied compressive strain decreases, the tunneling current of the junction increases and the tunneling resistance
decreases. This strain control ability on the tunnel junction’s current and resistance becomes more powerful at large bias
voltages. At a bias voltage of —1.0 V, the tunneling resistance can increase up to 4 times by a —5% compressive strain,
which also reveals the intrinsic giant piezoelectric resistance effect in the GaN tunnel junction. This study exhibits the
potential applications of GaN tunnel junctions in tunable electronic devices and also implies the promising prospect of

strain engineering in the field of exploiting tunable devices.

Keywords: strain regulation, GaN tunnel junctions, atomic scale piezoelectricity, giant piezoelectric

resistance effect
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