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ERBTFEMEESETFZELHUERNRR, CaEERE. NEREK
ROZERT. MR RSGSTERBR T ZMA. BT I RIS EE
BEHRUE, RRTERE, SAREENT S HAmRrtkee, FkeEed
— RSB EZRE, BEEETRRMANSR. AXET I-EADHR
g, FIAEFEAMITIESRE T GaN E3HF, SaMRRIE. B
Y. RFWRRE. RARMEBAREN S EEAITHI, LI T EBB
ERNEER B 7R, LED. KMREBSBETRNA. RIEETHETH
WIRER W, B — B T AN 1 AR AR FR 37 5 A R TC A BT 7= AR O AR AL ER
G EAERRNE.. ZEOFTRAENS R T:

—. EHBBETEAN A AlGaN/GaN & BB R AT

% H MOCVD #MET 2 TOP-DOWN AT ILTZ, #H{ET AlGaN/GaN
HETIBREERE, FALR EANER BUEH T KB A F %R
AlGaN/GaN FHFEBRRBEENABIER. WikBEI-1V i, £ 15N FM0
EAT, WABERENL 21%. @d —4iEE B ra2innm BN anHEirE
BRSSO AT PR B R o TR AR F R AL T R s ey
i, HET S5 2DEG ZE RN, BET R BAM IR - E8 FREERANE
B FRESR, R R IRRL RIS LR R & BT . X IR
H3BR T R AR AR 5 2DEG BIFZ M E R KX R.

= FEHYEE T AE LED BT W& A B R

AT T —FET DK InGaN/GaN MQW  FUKAE LM K B ROG R F 5
BN H] B W IERR S KA RN T ROEBURE (PL) 3B e XN
BT, SR LR SERKTRCGERFMEL, MAREHEARKI
BEERERBIE T RIG B BAAERR, R RN ScIl £ IBiEE B rERfEs, R
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JET B B v, Ak, SRE InGaN/GaN @ KAE MK & 5478 Zb i
B TIEETHRHRTI, AREBRTRAMNREE,

=, FEHEGEETHUSIE R MGaN/GaN £ 8T KRH Btk

AR T E B G T H M58 A InGaN/GaN MQWs KFHREf i, @i
P2 NTE T MEINFERE R N SRR R SERME, HRRT InGaN/GaN £
BB (MQWs) ARH A B ith A 45 2 LI 25 B R e R 7E MR IS 7 R 1) 9 22
e 7E 0.134%KISMERFER T, RFABEGIEREBERMN 1.05 mA/cm® 3BHNZE]
1.17 mA/em?, BREHBER 1.12% R 2] 1.24% . SMER 7751 A K R
EAFE T MELA S R, HERAF-SERHEREM, BETHXETH
RN, BETTISINARRE fR i R . FHKIE IR R F BRI, 46
RIAFEAR . MARMEREAR, EEBRIET ZWEILH.
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Abstract

Abstract

Piezotronics and piezo-phototronics have been widely used in sensors, human-
silicon based interfaces and MEMS after ten years development. III-nitrides have
attracted much attention as a new generation of semiconductor materials and have very
broad application prospects due to its wide direct bandgap range, high electron mobility,
high thermal stability ezc. In this paper, the devices were fabricated with micro-nano
fabrication processes, correspongding with material characterization system, electrical
test system, optical test system, and stress analysis system, efc. The application of
piezoelectric effect in GaN-based power electronic devices, LED and solar cell devices
has been studied. According to the perturbation theory in quantum mechanics, the
influence of the polarization electric field generated by the complex external stress on
the bulit-in electric field generated by the lattice mismatch and spontaneous polarization

has been explained. The main research contents and conclusions are shown as follows:

1. Piezotronic effect tuned A1GaN/GaN high electron mobility transistor (HEMT)
AlGaN/GaN HEMT were fabricated by MOCVD epitaxial process and TOP-
DOWN micro-nano process, and experimentally and theoretically proved the
piezotronic effect tuned AlGaN/GaN HEMT. When the gate voltage was -1 V, the
saturation current increased by 21% under 15 N applied stress. The self;consistent
numerical calculation of the Schrédinger and Poisson equations revealed that the
piezoelectric charges generated at the AlGaN/GaN heterojunction interface under
compressive stress, which lead to an increase of 2DEG concentration. Put the 2DEG
density into the classic device equation, the calculated current-voltage curves fitted well
with the measured results. This study reveals well the causal relationship between the
effect of piezoelectric polarization and the origin of 2DEG.
2. The application of piezo-phototronic effect in LED visible light communication

We designed a piezo-phototronic effect modulated visible light cor_rimunication
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based on dual-wavelength InGaN/GaN MQW nanopillar structure. The
photoluminescence (PL) intensity output under different applied forces was defined as
a logic level to realize real-time data transmission. Compared with traditional visible
light communication, the PVLC system has the advantage of error checking/elimination,
which can transmit multi-channel information accurately at the same time and ensure
the accuracy of the information. In addition, the dual-wavelength emission from the
InGaN/GaN nanopillar effectively eliminated the interference from the interference

light while reducing the bit error rate of the system.

3. Enhanced the conversion efficiency of InGaN/GaN MQW solar cells by piezo-
phototronic effect

The piezo-phototronic effect enhanced conversion efficiency of InGaN/GaN
MQW solar cells was observed. Because of the dependency of the phonon frequencies
on strain, Raman spectroscopy was used to investigate the strain in InGaN/GaN MQWs.
The short-circuit current density and the conversion efficiency of the solar cell have
been modulated under external stress. Under 0.134% applied strain, the short-circuit
current of the solar cell was increased from 1.05 mA/cm? to 1.17 mA/cm?, and the
maximum conversion efficiency was increased from 1.12% to 1.24%. Piezoelectric
polarization caused by external stress partially compensated the intrinsic ﬁolarizations
of the crystal, which increased the overlap of electron-hole wave functions. Therefore,
the optical absorption in the quantum well enhanced, resulting in higher conversion
efficiency. Based on the basic theory of piezoelectric optoelectronics, combined with
photovoltaic test technology and stress characterization technology, the physical

mechanism was verified quantitatively.

Keywords: A1GaN/GaN HEMT, piezotronic, solar cell, piezo-phototronic, LED.
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1.1 GaN E$BUJBHHMAER

GaN KR 5 AL F In )& SR EPE E IR I-BAYE S48 R
BT IE KR A KB AR EZ RS H £ RE RERER K GaN #HE, WA 1.1
Fis, W-BA BB SRR 454, 3 HEH M 6.2eV(AINIZ: 3.4eV(GaN)
2 0.7eV (InN) AIREM BT, RKGBKEEEEMEES (UV) 2lit
Xk, XPEE T-EAESEMEER B F9UR. LED. St &4, &
WSS RAEWATZHNA. GaN AEaEFHY, aSiuigETIe
&, #18 GaN BB IIEM RF B F S RAERSFE. Ritzsh, m-ZUesE
0 U, A L P R R I H AR e O 2 DL S RO AR H L R IR R AR RE . B 25 ) GaN
FEAR SR Fh R UL AR R, 0B R RS IERIR &8 GaN, LLKH
TGN (n) /AL (G /A (B) /4 (L) B8 GaN. 7E I AL H
DL BT, RN A6 KIS AX A % N I R iR EREME AT Z
FH M-V RAMRRIE 2R 8- 5580161 B2, GaN 1EASE =RESEME,
BEEIFEHERERNS, EREFEEZTRTIEN—TI%SEHE.

L AN

6.0 HI-V nitrides
A T=300K
! {c ~ 1.6 ay)
5.0 \ {Bowing parameters neglected) |
‘o 3 \\

3“’5 GaN \\\\
2.0? \\\
o N\

1.0 :. ....... ‘v)l ﬁl l_\ N

3.0 3.1 32 33 34 33 3.6 3.7
Lattice constant ag (A)

B 1.1 GaN fI+# B A A% 5

1200

Bandgap energy £, (eV)
Wavelength A (am)

Figure 1.1 Bandgap and lattice constant for GaN.
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1.1.1 GaN E®B 1B FEH

FE R HESR, CERETET GaN HNEME B THME, BERR

S OSSR (HFET), FRE ARG AE (HBT), MG aikE (BIT),
MAEEA P-IN BREBURSBENYD Y, FEIGRNFEE (MOSFED) F45.
THEERE Hr SRR IR 3 LA SRS R SR PR — LA GaN S RTRIBF Az —
L, FASAYSASMNEES AR GaN BAFESF, HT/EBEBEEE 600-
3300V[7]5 T SRESAANLL, BLERE B B R B A E B T S
&, B GaN Stk ZF) %, 814 GaN HFET Bt AR, SMEAK
EME, HEmEmRK. BIRE, T 6.5 um FSMERE, TFHEED 2000 V.
£ DC-DC ¥ 82 5 fA , BALE 23 1F B 4 SR H HEE MOSFET #3038 5
H. GaN REASYATHEMBEEZERPRFABEART. T 1 MHz
FFFHZE, BMRIUEH T 175-350 V. R 97.8%, HHiZiE 300 W) 940 V

(R 94.2%, HMIHE 122 W) HEEEAKN SR ERERES. 9-111TH L
#E7E 1.2 MHz F, 3:F GaN % FET A1 Si 3 MOSFET (¥ 48/12 V AR T FEE
RMEHRREM BRI, GaN 3 FET #{FHTFELL Si # MOSFET 24/
25%. [8IXAB T GaN fEFHEFEHEE P RIS RS .«

[ 2005 4 LAk AlGaN/GaN i HFITB X HKE (HEMD) B&F UMENE
FI2%¢k, AlGaN/GaN HEMT EAmHFHE, AVFEAXIERAEE, Mm-S
S4GT RE R BA SRS, T EZ 5 UL MR B AR FE. 7E 20 A
00 B HIFFIA, EREN 4H-SiC WEA LI ER LK LS, GaNHEMT KIHF
FROLIE T EHRNEHRE. Sio fEN5INER HEMT 2RI EIFH
TR X 45, WHRIR R T A ER, KA HR LK 1429 f4(12]. 18
MR B N B S HIO, F Y 05 FAJZE, Hil& T B S AU 05/FE R
7 AlGaN MIS-HEMT 234F, AILANAFEREREESERT. W THEREE GaN
MIS-HEMT, S#44M45 & HMPa4E 14 SRl 3 B E R (1.4 V) MRS
B (834mA/mm). X THERBMBEA HEMT, &AES 754 311 mS/mm
1248 mS/mm, 7EEH 908MHz IR AN 1 MIS-HEMT AARE 2/ LI T &
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EWR[13]. B, GaN BT RASEFRE, SMIREEMEE TERRER
VET AR ThER A0 RF R %A BT R 884 28T, 5 HEMT R B4R
Fiphak, MARURSEZ GaN FRMRA B EEF MM ARMR. EFEL D
TR AR & AR, S GaN 72 B 77 BT ST E R RIE

1.1.2 GaN & LED

1971 48, $—/ GaN E R —HE (LED) 73 E TR AT BHIMEHK
[14], L HEHIHR G 1-5uW, BEF AIN 1 GaN L2 Z#5] ALK& MOCVD
# MBE A KFEARKKE, BEEAEAEKN GaN HEA &4 5 BBkl
[15-16]. 1989 4F, Amano & ASEHLT GaN H P BB RBIAR[17], =IURFMENL
HtbE 1992 ERARRHE R, 1991 4, Nakamura S AfIH T H—1 PN %
GaN LED[18], H#IHIHERE 42 uW, SFETFEEN 0.18%[19]. HT GaN 2R
A 345V MEEEENEREWEESEME, Bk, (AL, In, Ga) NKZHE
G2 SRRl TR TAEM & 2 L AMIAT W% LED Mdrd. 1993 4, H—4
P-GaN/N-InGaN/N-GaN M5 i &5 #0% J6 LED il % BiZ0[20-21]. B8, 90 F4K
T, £TF InGaN/GaN MQW L4 WEFI%E LED C&mkib, B, X
LED H#i th Zi2 A0 EQE 72519 3-5 mV /1 6-9%6[22-25]. L AZHHEH TLH HI
%77, InGaN/GaN & =% (LED) HEARGURIE T —RIIERHRE, LAMEIR
BEERSCER R Y. BRTERE 90 /W UL L K84 B aTETy LW LH,
FAMARERNEDLET 120 Im/W. BTHESHR, SIREANFEE R
et LR AR H S R HIR S, GaN 2 LED #iALAE R Z 4B B RIT 8
AR IR [26]

TER, FFEREMAANRBITIREB AN LED, BNEREEE LED
Mk BELAR, LED Wi A A ROERF M. £T=2FeFE, Bia=rmad
LED 3K78 F6H 5. 4, SEaFER LED A&: %4 GaN LED HinE R
MEETR, UEAES IR LED 5EAFHAE. [27-28)KkZH B
J% LED 735678 (400-490nm) BB MEKE, FEFE (500-700nm) JEHE A

3
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B RE, TERARSRMIFRNENIE. 29188, LED E¥HZRMHF
WEEEARG, QEAERERSE, REMWWIEY, TEEST. B—FH,
BT R EAEARKIEE, LED MobfMb RS 10 FReRmE— 1T HER,
% [E feYE 3 (DOR) IE1EHEDh SSL BARFF R K FH R, Friz i i E A H&BH (SSL)
s T E) 2035 S5 SSL HIIE RAH L AR 540 75 % BUBEYR .

St

1.1.3 GaN EXKPEEBH

InN, AIN, GaAs 1 GaN % III BB 44 TR E Dy R AT AR VE T 4%
I3 AT B TFATIR[30]. 5 Si, Ge 1 GaAs IR BRI EEEL, InGarxN &4
[B1VEHYH BEAT LU InN [ 0.7eV L E] GaN [ 3.4eV, BRMWZ S, ZA#
A&EASNEBEEEER. RN TIBER. BB, Bl /R [32-
33], BN T2 BT UERM it B A IEE BN S . 515, nGaN K
HIHTRIE LB (FEHA%>10° cm™) [34], XK 99% LA EMASHEREER
B LA BREA R 55— 500 nm PIREIRI, X SUERRAIRPRAE iR EAE R A
F. FFFHEH, X InGaN & 4T K In Ao 40% 8, ATLLETH InGaN 2 KA
B LB S MI LIRS T 50% R AR . [35]

F Jani 25 A 526080 TAE B RTFESZEE _FAERA T GaN AT LME @R Re Yo R
[36]APH ER It 28 4R 2T P-I-N RFR L4, HA 200 nm EH InGaixN (In 4
SMTE 4%-5%) YERNEERE, P GaN 1N £ GaN 7+ 51EA P HEM N BJZ.
I EE T HCEUR MR, MBI RIS SR EE KRS EPRETRNE
AR, SRR A S AR S BT B U FORN R B B IR AL . BRI S
BT EHBMRR T A S, X2HFEHR MOCVD HA#E# T InGaN &
SHEKFEARKKRE. Homg Z BT EOERI B BIR Z & P-I-N £5# ) InGaN/GaN
RFARMSANEEAEE, AFELSRARSBRARNBNSHRBERE T
Ti/Ag EI0 Si A& L, KPR s AR H e M 0.55% 158 %] 0.80%[37]. Ho ¥ A
¥ P-GaN FFMEEAL, 175 InGaN MQW K FH Ft 35 B AR M 0.43 %I N E)
0.87%[38]. J@iLAE A E AL (ITO) 7F P-GaN REEARIY BE (CSL) &
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E— B R _EHne IR U, K PH B ER I T R AR . [Sh, REfEG
RPN SEB IR 0.68% 38 NE] 0.92%[39].

W0, BAEREAS GaN 1M TFRAFENA T4 ARG KR,
KRENEAMESF In 414 A TR EEH BRI RSUK . AT, b
% In A4, 24 GaN A43| AL Z RIS, XHIRH TEF GaN M
ORI AU BS . BRI SR T, S S R S T LI —
FERF F MR IR, (BT i — S5 SR B A B B T O

12 EBRBEFLRTFREELSERGPHER

2007 £, TEHMREERET—RFISMNB X EMEGRLE Bz tE R T
BRSNS, BRI T JOKE R TR S[40-42]. KB ATEHN2E
) FH IRE AR 5 A2 1 55 TR A A B 7 TR o) 7 T A R 465 4 1 T S0 O T R R A
B4 X MR TS RN — MRS, 55— 0, KBB4
JE B AT DUME N SR R TIREE, AN R EE B T,
MTiEHIS AR R, BEE, EROGEBTHEMNAE 2010 FHRY, Z2N
FF B A A T R R I B A X R T A L o B AR S DU A R S A2 Y
RRE, i HOG BT BT T LA R E RE U e T AR . RO
ML AET RN BA S GBURFEBREREIAEL, Xtk Stk ME
MU =% 2 A AR A S BT 7 [43-46]. B ZFEMERE, EHEHETHEHND
ZERETFHOREEESE . NGEERARNZERE. MHLRREULESAF
YR T SRS TURE M

12.1 EHEBFEREENHR

&E- Sk E —MIEE EENRAEY, WE 1.2 (@ i, 2—
RIET ZnO UKL SRS R E E[47], 29K 5% B 4R HI 5k R 1 B0E B RL
18}, ZnO Witk 5 &R At it A H AL st & tH IS B LA, HF BB YUK &R,
X Fh s B FRL T S X ER T I T RE PR AR AR L R B . TR B SERR I RE, SR A
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B4 B SR AT NG, SRIER R T BB I B AR
EGHPESEERT, &RFRARAEANERRTFRED TR
dn
J=Jn = qpanE +qDy—— (1.1)
Heh, JF), RRBREE, g VETFHEE, nABR T MR, B%%EE E
KA TRER:

B dy; dE.
~ T (1.2)
RIE M EEY B, £RREERER, NMPBEREEAN:
n |74
Jn = Jpexp(— q—z-)%-)[exp(%— D] (1.3)

HA), R BREE . DREZIMERANEAN, &R 5¥REFmLS
A R LT, RS RSN EFESLEENENTUAAN (14) &

7N

25 . W2
Bon = Py — - Dae P2 (14)
S
KRBT, RARBIREEHA LRRN:
I z]Doq PpiezoWpiezo [exp(Q__ D] (1.5)
2e.kT kT

Hrp, Jpo RS L ER B B E .

WmE 1.2 () - (D iR, GHREE-FREFA AR B B B
FIRETHE, BEF RS RIRE EERAERL, SEXNMNAERBFRKNEL. 5
R (17D EEFLE W, SRR UL Ak fRE T KRR, AT xt
R IRET S, KBRS EMI R BRI E AR [44].
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Figure 1.2 (a) Schematic diagram of a transistor based on ZnO nanowires. (b) Space charge
distribution at the gold-semi-contact interface. (c¢) Electric field distribution at the interface. (d)

Energy band diagram at the interface [47].

HF LA B, Reza Z AF A FES S AAL R & T IERIAHI B REE, A
M TR R RN, SEELT X BT RAIER[48]. XTI F, Reza
FANBME T MRS, —MRERKAERNPAKL (HG), HEREm
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T AL B /o6 FL T 2 A AL R A B A R U R H

B 1.3 (2) FirR, B—#R i mESmsEiEK (SMAG) £ KK ZnO 40K
2, mE 1.3 (b) FiR. FIRXFREK T RS BIGKE 5 43 54 H T i1k
TR A, BANTRERTE 1.3 (o) FHFEETR, Zn0 PrKEEK
1 ARG AR AL E, 432 HGFET 1 SMAGFET. B 1.3 (o) BHRALK
HREE, BEBEAERITRTTEEES), MME ZnO FUKEREF] EIR ¢ Hhkl
MEhn T, (B STRm R R TT AR SRR R -V FHEE T . £ NR FF
5 ETERE T — Y NER I, UBRGIKERES) 2 S %

ESNESR AT, SBMERRRA T MR ERRFEnE 13 (D (o Bk, fE
Ves = 0 VB, HGFET il SMAGFET BERL /7 2L A RAHR . SMERRE A1 ON 38
nE 2N Kt e, HGFET B IV #EARIERA R, T SMAGFET B /7 HY
AHIEHE, XU Zn0 MFREMM BN ESEEERRKEH, WER2
SMAG ZnO 51 L R 31k 66pC/N, XIHFRAE— EFEE FUERR T EABE
FEEREE RIS,



S

@ £=0 {N] el 2} {1}
3 30 O F=0.23 [N] 330 [J F=0.23 [N]
it cnle=F=0.4 [N] o ] w20, [N]
20 e F=1.5 [N] 20 F w@ufx1.5 [N]
; —@=£z2 [N] (e} w@=F=2 [N}
10 . 10 - .
0 2 4 6 6 2 4
Vs V] Vs [V]

B 13 (a) HPARHEHETEREREOFAKREEKPPKEREFTIER; (b) FIA
SMAG EE KKK S9N EEREF ) SEM B; (o) R SEEERRSE TIEREERE
B (&) KBEAE K IYREERET S E1ER RAMBAL T R E R RAFE; (e) SMAG %
A K IGR PR RES SRR B AR R SRR T B B LR [48]

Figure 1.3 The FESEM images of the NR arrays grown with a) HG and b) SMAG methods. (c)
The schematic of the piezoelectric sensor test system. (d) DC response of the HGFET senser under

different force. (¢) DC response of SMAGFET senser under different force[48].

Zhang S AHIET —FETF In BROPIR ZnO FUKH HE R4 E[49],
LMK REEREDE 14 (@ iR, KER Zno K- FHEEEE Au
ERIEE L, H PyIr #R4HE AFM AR EBESEES . HPRIR Zno 0K
MK EEIT 20 pm, FEARHET 1 pm, BEZA 34 mm, ME 1.4 (b) FiR,
HrREE R R AR Zn0 9K HIERE .
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FEIXFhEEEMNSEE TR, AFM §7 Pt I35 Au K571 F 1F fb i 8 HIUR
B, SRE 0 RREtaZ R ERNRRER, SR Ak, RiEs
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Figure 1.4 (a) The schematic diagram of the transistor. (b) The height of the nanobelt. The inset

is the morphology of the nanobelt. (c) I-V curves of the In-doped ZnO nanobelt at different applied
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forces. (d) Plot of In(I) as a function V%[49].

WA, Siarhei 25 A\ ST LA T S ATER, 38 T ZnO SRS (TFT)
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R 1% . B 15 (a) 2 T RERA TFT A E ) R S A
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Figure 1.5 (a) Schematic diagram of the measurement system. (b) Under different gate voltages,
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the drain current measured as a function of pressure. (c) Extracted effective gate voltage change
needed to cause the current. (d) Drain current measured change as a function of pressure. (e)

Extracted effective gate voltage change needed to cause the current[50].

122 EEERFENZEZRENRN

ST SETRI R FCR L PN 4500 1V AR PEMERY . 2 T R A RRE Rt
RIS, Wang 2% A\ L\ ZnO PN S48 H 9 5 B, MR i 72,
0P 1.6 BR(51]. 9T RIS, BE p BIKIRA SR AT n 5 X SRR
1. R3] ZnO GUKEMEFIRIBE ¢ MBI HAK, BNEE o BIEINESRR
F7, 75 PN 45 N BV & pe Ak pe e TE R s . X BRI R4 A, &
i PN 4 2% R IR MR 2R TR HIN, S AR IN, - B B Tk
Y

Ypi =q- 285—1 . (NAng + ppieZOszieZO + NDWgn) (1.6)

HAN, RFEEIRE, NyRZERE, Wy, MWp, 73512 P A N UFERZE R
FE, XUH R BAL AR AT DAE S B AR 5 3 1 L L B R A Y

SF—AMFERIER: ST N BEUEEHEIREN, NEBER, R0
BT IRE Do » ygr FoHpng it N AL SRR F P Z TR, nyofe P A
S S e AT TIREE, BT PN 4500 R B S AR R A A el R R4 i

J = Jco - expla?PpiczoWikiezo(2kTE) M -explqV - kT2 —1] (1.7

i, Joo RV B AR HOMAT B R AR . X UL PN S5 S5 IR R 3
FE o EL BT AR B (ORI, HIE RS R MR RER . F, MU LLE
SEREAF /N, T EL AT LLESE BEAS CRBRE 48 ) B M 5 S8 250 T B A
L, FEH RS LED % BT TT B R (1.8) Fom:

Poptic = B{Jco * exD[a*PpiezoWiiezo (2kTes) ™ ] exp[qV - (kD)™ = 1]}*  (1.8)
o, BRMBEAGRENRE, b EFESH, b= IYNEMHEM, b+ 1%
R 2 AR L S E L L o
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n-type {piezo)

Bl 1.6 FiTUiBH7E PN &0 E BN MRER. (a) TR N PN g4 faet =S,
(b) AMINFERR AR PN abmgesrER; (o) SMNNEHR AN PN SrswrER
[51].

C'[ﬂ

Figure 1.6 A schematic diagram illustrating the piezoelectric effect at the PN junction. (a) PN
junction structure and energy band diagram without stress; (b) Energy band diagram of the PN

junction with tensile stress; (c) Energy band diagram of the PN junction with compressive stress[51].

S F FE R HI R PN 45 LED, HTAERBEEAE, SMETHE (EQED
AR ANy = aNuror FoHNexoBTE PN 45 N K MR ) EQE, FRFEH
S B T T = {exXplq2 PpiesoWiezo (2kTes) M1} 2277 1O R [ H ML 72 88
TR T AR VAR R, BRI, ST o K
GaN B} ZnO HiKLk, W% o MR 33, WIRRAIELIEIELL, Bb =2, Wk
20 R JH PN 45 LED HS6Th 34 th BT LR R A

opth .B{]CO exp[ qu3S33pplezo(2kT£s) 1] exp[qV (kT)_ _1]} (1'9)
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l—ﬁ]lﬁ‘ EQE /E\"le:%%%ﬁy‘jnex = exp[_qe33s33ppiezo(ZkTss)_l] *Nexor iXE“EF'%’E
B EIR T LED St RSHEES E BB IEEAEH, XEEBCHETERNZL
W& [52]. '

FAEE LED i FHRIEFE &I HEBE G T 5% LED 3R &iE 1501m/W).
R T A of i G A R LR A m AR R . DRI BUT A5
E R AT B T2 T —AOBIE AR 2. 534h, GaN LED mf LU HEH
BEHEIAT R R MR R ST, FLEMBR T AN R ARE. T
JE B8 L F 23230 R 032 1 (648 GaN LED KN B& T B LM REME.

Peng % A\ B VYR FI B G FEF R0 B I 8 GaN 2= LED 523 T PL Fif%
[53]. EXTMIIEF, WE 1.7 (2) i, BEE c-HEEAME ERSER
InGaN/GaN £ EFBHEM A LR T 20 S HUE $AME A0 AKAE RS . goKiE
[ B 25 N6.25 X 108cm™2, BBPLKENEEZ 1.2 pm, F£2 0.4 pm
SR GURAEFOHFEE 2 4 ume RIXFH, XFRITI7HE 6350 dpi 7%
FIEE—H. ATRRPKEEZIN G TEYE, Peng FAEPKENE
[FIREFIE BIEE T PMMA (RREFERTED, EN PMMA X JaHIRIJLF
HNE, HERELREFT, FLL, PMMA FEFRX R0 PL KOGEE MW,
TS R B4 RAE 1B SEM EIHNE 1.7 (b) BT SR S8 HOR C R 405 nm,
PSS R I X B, AT ASEEL LED REFIERThgE. B 1.7 (o) XTRIK)
R—NEFHXEN PL &6, FTUEH, HRHPE—ANFOREERE— RN
BR A, XBERAMNES, BXESMES. B 17 (D BERMRETEBE
THE T YIKAERESI M PL %, PL B3R BEEBUR TG TG n, X2E A
ERNEMETIRT, 2EFZHNRFIRERFREL, N SFBOEREM. Peng &
NEFR T F—NEHEIhE, AEERTRME PLGE, W& 1.7 (e) Fimr.
AT EEEMRE PLIERESRBNRERR, B 1.7 (O f4EH T PLEERN
paxiAE it (el BB R, LR RTE M PL R, LRRH

FEAE R PL 38, 1 1.7 (g) REAABINNFREN S MQW kAR5 e fi iy
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MPa #1 14.94 MPa B, XRIEIGUKAEREFIR RS AIE 1.7 (b - (O BT,
EIREGS—AXRKER TR0, HEAERBRK, ERER. HIkR
DR, AT LUEE SR R R E SRR BRI ER, B e
R BT B B RS M, IXHSEI T LED BoRasEATIEE.
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B 1.7 (a) InGaN/GaN MQW #:K ) SEM Bf8; (b) PMMA R EfE, HEEET4M
FIDVRE RS 2 JFHRREF ) SEM BE; (¢) MQW HF£5I/) PL BIE: (d) MQW %5
FEREB TR 25 F 1 PL itk (o) ARE/ T 8% MQW i PL 3% (f) BINN BI%
W ERFI SR PL 3R B FTRE IS /1 BRI AR AL (g) 5 MQW ZUARAERES it if) BINN ET
THeEEE; (h) - () 437 1.87MPa, 7.47MPa Al 14.94MPa Tig& [ PL 2 EZR K
#[537.

Figure 1.7 (a) SEM image of the InGaN/GaN MQW nanopillar. (b) SEM image of the nanopillar
array after PMMA coating and oxygen plasma etching. (c) PL image of the MQW nanopillar array.

(d) PL spectra of the nGaN/GaN MQW nanopillar under different excitation power densities. (¢)
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~ PL spectra of a InGaN/GaN MQW nanopillar under different stress. (f) Changes of PL intensity
inside and outside the BINN stamp as a function of the applied stress. (g) Optical image of the BINN
stamp in contact with the MQW nanopillar array. (h)-(j) PL intensity images observed with

microscope under 1.87 MPa, 7.47 MPa and 14.94 MPa, respectively[53].

534t Wang 5 AFEZ BB — R TAERIERAL b, R LT 858 GaN
BRI R IR E B R IR FE R 3065 7 R SRR B AR[54]. 10 & 1.8
B, LR ER R GaN K& R ES & B AN ZE AR (MOCVD) #4
A, GaN ZMAEKITTMRIEE akl, W& 1.8 (al) Fink GaN R T4
REE. Wang EAH GaN BCKLEIMPIM T TEREE —FEF ANHS
(ITO) /—¥7EH P-GaN WEEAFE L, BB 7 H1R GaN UKL PN &
LED. & 1.8 (b) A HiIR GaN & PN 45 LED HInEHE, B9 A LArEERE
ERMBE FAMEERZ LED M3, A TAKEER GaN HUKR& KB R E K
SEM Blfg. TSP EmRE T, JoM GaN K&K iS5 P-GaN 157 51 45 A I AL TE A%
PN Zhbk i, TTLIEH, LED #4FkHKEHARARE.

N T AR B T RN B % ) GaN & LED S HEAERIR I, Wang &
ANBET—ERTRIEAESENZT LED KRR RS, ZR2AFEH—
[ E B JE AR E AT A R R, A 1.8 (o) Frm. &
AR K E LT £ T LA R A BN — FR 3139 53 (9 51 LA 4 [ e 0 A A
AR, B 1.8 () MRTEMEMEYE NRRURIIER T, FIERWET LED H
-V 5, BRTERS R REG T ZEIEM, XHB TN T NEER
JR &5 AL Re T ROt R AR, TR T 8 T B s it . J9 73R8 GaN
5 PN 45 LED W6 AR SRR AR ARRL, 7 20 pA BFT, ARKIESEMN
AR B4R EL YAt E G ImE 1.8 (o) FiR, FiE, SMERAME, 28
HRAGBRENBBK . H#H—PITEENRIEGENR 2 IR 58/ EQE
AMBNAS I ARAY, FEIENEREE TN 33.3 Alem? B, 7EMEHN-0.12% K45 RAE )
BT, EBEH EQE MINT 450% LA E.

17



AT TR EES P A

EL intensity a.u.)

~305 50— 405660
Wavelength {nm}

B 1.8 (al)GaN BUKE&REFEMRE CaAFMBBmIAED LR FI%H LED B (a2)

06600

Current (MA)

e 0.000%
wotn s & = G.024%
e 3 DB
iR ~ e G HOT%
- § = 0.086%
oo B 2 GFAE%
45
05— &
g oy ) 3 ]
Yoltage (V)
® o0
— I;,ﬂ'”
2 o000 S a0
g 7 A7 e
14000 AT
E AL
&
£ o} JF
& 700
60 D04 088 DAz
Strain (%)

Wi (e

fREE; (b) GaN Mk&RAEHREE, BFA EANEERERME TUEIE LED
HISEBE, AT ARIERER GaN Mk IBA IR ) SEM B1E; (o) ERFPHEENM TR
EEFRAET LED HIHAEMRAZHREE; (O ERENESNEZLHELT, EER
{RIET LED (9 I-V $4%; (e) 7E 20 pA BIRF, EAFRKIEYERAE T34 EL st
B, (f) BB SR ESE R RN, 2T GaN MUK LED ) EL 58 & RIB14> FIARRXT EQE

RIZZ I [54].

Figure 1.8 Atomic structure model of the GaN MW (al) and schematic image of the LED (a2).

(b) Schematic image showing the light emission of the GaN MW. Upper inset: light err_ﬁssion of the
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(3

- MW-based LED observed under microscope. Lower inset: SEM image of the GaN MW. (c)
Schematic diagram of the measurement system for characterizing the performances of MW-based
LEDs under compressive strain. (d) I~V characteristic of the LED at forward bias under the variation
of the applied strain. (e) Optical spectra collected from the MW-based LED at 20 pA injection
current and corresponding CCD images of the GaN MW under different applied strain. (f) The
integrated EL intensity and the relative EQE of the device with increasing externally compressive

strain[54].

546, AT W% GaN £ LED ET/ERE FHBERIER, Du FNE TS
RIS 2B AR FIVE SRR A InGaN/GaN MQW LED, i F & B )% B F 232 508
T SR I RGRRI[55]. SRS EIE 1.9 (2) B, InGaN/GaN £ &
FHEHPIRCR S BT 2 TEMRAM T ZEEHIER, BT B FRERE
Cr/N/A1 F1 Ni/Au 2 BISTARVEN N BUA0 P B ik, & IRIEMEZIME, B3
EwmE 1.9 (b) Fim, SNRFNREE, SEMSEZHSRH09 3 pm, 0.7 um 1 4
um, EFEEELZZIMENETE. S4HR4EMNERRBER, NI GaN $F1
BFA P B GaN I RARENE MQW XA, HFMNTH 1w KT
SREFEERT. B 1.9 (o) /R THEANBERM ImA EMEB] 7mA, TRVENS
WFH EL Gk, BEvVENBRRIEM, ROGIREIL PSRN,

B 1.9 () RFEHEH T4 BN &4 LED MmECRE (EL) it
B, SR B S AN BRI ML S5 Y, I RIS MR R
BRI SR . ZERRIMENE T, MR S EL YeHs M 4 5l
19 (o) - (p) Biom, B, ERAREANT, BESNOANN, R
. XRBETEBESEFFEBLI RN InGaN/GaN F7TH 4b #5M R 38 7= 4 1
AT R R 4R R AT, £ BT P IEs &%, WM
RBEERK. B 1.9 (h) 4B RN IR T LED § EL B MU a8
. MR T EL BATIBUHE BRI AW, 8 19 ()
i SRR R T EL ST IR B R (e MR R, BT
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Figure 1.9 (a) Schematic diagram of the microstripe arrayed InGaN/GaN MQWs LED device.(b)

Top view SEM image of microstripe array structure, the inset is the cross-section. (c) EL spectra

20



under a series of currents. (d) The schematic setup for variable temperature EL measurement. EL
spectrum under externally applied strains at (e) 300 K, (f) 364 K, and (g) 380 K. (h) Under different
temperatures, the integrated EL intensity as a function of external strain. (i) The 3D plot of the

integrated EL intensity as a function of external strain and temperature[55].
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HE b S B VERIE S, R FITE S RIS SRR SIEINESL ISR AT, SRS
HEER FRBAT 2, TR 45 REAS R ST AR M I B2 L . B34
B 1V R AMIIR IR B R WA 1.10 (d1) (d&2) Fiw, WLUEER], &4+
F) FF % R V4T 6 B VR B T LA R B T 38 n, R TR R AR IS TR e T
?%%i&m%ﬁﬂ% F PR AN 4R Pt REAS R ME, Hu A48 Voc M Isc A
FIRIAS T 78 3 SUE SR Sk H dh 2k, i 1.10 Cel) (e2) fn, HiZk
KECRZEME. BAH, Ic NTTEFRAER ) 0.59 V HBINE] 0.8% k48 MAZ T B
0.74%, HINT 25%, T Isc ARIHEIN T 4L 700%; TEEGEMAE T, Isc M 0.73V
BR/NA 0.71%B93K RS EHIH 0.7V, Isc TRNERK 71%. K, HFEH
F FF AR st s o R B AN R R AR 4L 4y BITERT 1.10 (£1) (£2) %5, M
A HERE TR, R TELRERZEMN 0% NE] 0.8%, ThFREMUERM
0.0216%3E 0% 0.298%, FHEWBERR T4 1280%.
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110 (2) EHBASHT KRERBBETER: (b) EREBRNRIRIKALN SEM
Bl (o) FULSRRAMAR B TATAE: (d1,d2) BAH LV HiE, (dD M (&) £HIx
BURSRRIAEFUERIAS: (el e2) SMHIIRARNEE TR MR T AP B R, SR ey

R BRI R, (£1, £2) 53 7 9 4 B 38 T Flhr 8 S1 28 T 378 B 7 %o B AR AR B o< R [56] -
Figurel.10 (a) Schematic of a ZnO/perovskite solar cell. (b) SEM of the ZnO NWs; Inset:
enlarged SEM image of a single ZnO NW. (c) The shadow image of the ZnO NW in the SAED
pattern of ZnO NW. (d1, d2) I-V curves of the device under different compressive strain (d1),and
under different tensile strain (d2).(el, e2) Dependence of the Voc and the Jsc under cbmpressive
strain (el), and under tensile strain (e2). (f1,f2) Dependence of the FF (f1),and An change(f2) on
the strains[56].

Fhs Zhu FEANBIT T T N-ZnO/P-SnS -7 AK LS B R L T4
WEERI R IR SR EBEMF[57]. SnS BH 4.0eV B TRMFE, BF 1.3eVH
HEWE, FEEERIRRHEEIE 10* cm?. BT SnS AHERZ Sn EALGR
B, BTCARTCAE)H A 1015-10% em™ WTEREA K P B SR, XEF/ERANR
TS AR T A% -8 SR BE R T A ZnO 9K E£Re 51 I I AR 55 1F B3N 7,
BIEHA ZnO/SnS E’F)ﬁ%&@ﬁ‘éﬁ*ﬁ’éﬁ*@%ﬁ&&i&ﬁiﬁi‘éiﬁﬁ?%’%fﬂ%ﬁﬁo X

25



JE L L T/ T A AL B R SR A P ORI

B A BoR T R B B T S 0 i M R KU v 25 5 14 O B R mi vt O P E L
F, FFit—AESE 7 R KRR eI B A R .

B B AC PR B e SR G5 A A 1.11 () FTs, 832 7E ITO WA PET
¥R A N-ZnO/P-SnS B-FHKL MR, ¢ MIETRZR TmL, X5
IR T —A PN &5 KPAESEM, B 1.11 (b) (¢) A BINE M ZnO JoKEFES]
ft) SEM EF1 ZnO/SnS F R 9K L MEFIH SEM B, WLUEH, FUOKLFEIIHE
FIEESE, MBIk ERREEIFN ¢ EK. ATHARERCHETER N-
ZnO/P-SnS 1Z-52 48K 28 [ 51| K B BRI AT, Zhu S ABFA T KFABERIEAT J-V
R X A I RL AR AR M55 B o A IR AR B I = AL %% & FEINFE PET 44K LAY,
AN REAS B35 BBl 7E-0.88 %6-0.88 % « M 1.11 (d) HETLAEH, JTEE RN SMR
R B AR AL LU AT B PR IR BURR, 40, o AR N B R DR /0N A e 8 AR B 47 2 28
B, KPABEEIEMRENNEEAR, WE 111 (o). BMAKRY, HMARNE
B, ACPABE BN 1.2%, MFEM 2B R4 RN, KPARERMARIEM, W
RE R B R NAR RS, KBHRE BRI/, BRSNS R AR R
B, B 1.11 () (g) 45 H AR KR i i BRSO SN SR AR, T
FERAE B R B A S 51 111 (o) P8, MERETFIRER
0.48 fiifT, IXWAE—EREE LUt B AN R F7 39 A PR B it A B R AN K, L A48
B, BIESIER T/, XESFRATAG A EENENL. R, Zh 5%
W THIER T N-ZnO/P-SnS #%-FE 91K 26 B 1) A BH B it ) 14 B8 7T LLIE L 41 B2
Al e
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Figure 1.11 (2) The schematic diagram of the flexible n-ZnO/p-SnS core—shell NW array solar

cell. (b) SEM image of the as-synthesized ZnO NW array. (c) SEM image of the n-ZnO_/p-SnS core—
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shell NW array. (d)J—V characteristics of the solar cell under different bending strains at AM 1.5G
illumination. (e) Strain dependence of the solar energy conversion efficiency. (f) Strain dependence

the Jsc and theVoc. (g) Bending strain dependence of the FF[57].

i o 3 T 2SR B T AR PR e s AR TS T — AR, Shi A
F ZnO/PbS HREE T S KPHAE ML (QDSC) #AT T —RFIBIFA[58], KFHHE
YU B Y PR B e R R AR TR PR S AR T IR A, X TSI R AE R F .
SRUEAZHIME 112 (2) FiR, APRH@EBEEFRLE PET EE EfHl{ER, 1TO
A Au 2 BIER SRR A B FRARE MR T BAERRCHEET
M-V gk, wWE 1.12 (b) Fizs. ZnO/PbS QDSCs TE4M IEF T Bt BE ALk
FA T 50 5 HE G B T3 O80T QDSCs IS, i 1.12 (o) i, EEIRIE
T, ABHEMB R R T IR IR L 100nA/cm®s T RATEEH
PRI BRI BN, R SR U B SR PEER RS R RO, B EES R
fRB63R T RAE QDSCs HIRL /R4 . Y6389 0.0047 mW/em? i, Z3FHIE
BEREE SN RRICRENALNE, FREENZRUDIRRFAIIR. B 1.12
(d) AR KRS REN MR R R, NERFEML 0.01%, I
R 1.1%. B4, FFRAREE 25 mW/em? FIYEIRRE T X 84T 7 RAR
WK, ER FR IR A Ok RN R AL R R R THANES, BRE
0.01% 01 WA A, B o o7 B 55 2 F R B FE RO RCR AL A B 0.51%F1 0.55%. X
— 4= B, SR B IR E AR R B B R AR T LAY 55 S PSRN A B FRL
HIVEEIEE S, AT RRIR YR B M AR AL AR . X —HF AL A& QDSCs HIJt
RBEIRBE T H AR, FHIBIE 5 NERRRIER T RS SR B Ria R .
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VR (d) QDSC SR UL B ME AR MBI HIR R I LR 2 QDSC 7E 25mW/ em?
FeERE T IER -V 45 (e) M Jsc (£ FERAERIARLL[58].

Figure 1.12 (a) Schematic of depleted heterojunction quantum dots solar cell. (b) J-V
characteristics of a QDSC under different illumination intensities. (¢) J-V characteristics of a QDSC
collected at 0.0047 mW/cm? illumination under different strains. (d) Plot of QDSC efficiency and
the short-circuit current density as a function of strain. (e,f) J — V characteristics (¢) and Jsc-strain

relationships (f), when the QDSC was measured under 25 mW/cm? blight intensity[58].
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R LB S AU T =59

1 EHREFERMIEE AlGaN/GaN FHE FIEBRERKE

B2 R A 5 S 0 T e A Ak PR SR VA BB T ST / S S5 45 A Y BRI
FAER, FEIX—34rT, FEFA T R BTN A1GaN/CaN = ik &
BARESREEIER. AT GaN # HEMT 234 1H & ikl FB, #d—
YeBE IR RRANA TR B A BE T EAE T GaN AR R AL R
AlGaN/GaN 5R 454 2DEG M= HERAT TR 7C; & R AR L A RL[59],
St BEA I B VR - B R AR AT . AR AUER T AR R E TSI
B EMERER, Jim R AR T TR T . A i T2 S )
ff) HEMT 76 A KL AL B8 1 R e &t b BE BN ANE.

2 JEHYEH 44 7E LED 7] LG AR 5

TEX—HA R RAZES, B RA TET InGaN/GaN MQW 9AKHEH]
JE B E T2 30 A ) O XU AT L @S (PVLC) R GE. SRA N1 4mA% 77 2,
B AR E RN 71 F IS BUR St (PL) SREE S & OB B, SEILSEr e
R E RS A R R G B T84 LED 2/ R INR, AR A IREE R EI1E
Fl, WTREBARIEN. Mok, KE InGaN/GaN GuKAERIXUE K K 56 S iE &
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C TEETFENTHR, ANERET RERIRGE. LR E KRBT RN
TARGERE RS, ZRGRMET —FIH. e KERAE. BENTERIERS
Tk |

3 EHGEFHEYPIEE InGaN/GaN £ & -F B K FH Bt

BARY T E b A T2 IE R InGaN/GaN MQWs A FHRE i, BT
PRSI T HINERE & AR AR ERME, FRA T InGaN/GaN %
EFBE (MQWSs) AP AE Fyth ) 20 25 FR.U% 25 S S B R AE A1 BB RL 7 TR 1) R B 38
W FESNERRL AT VE R R KPR BRIt AU A2 BE FR R A 1.05 mA/cm? 3605 1.17 mA/cm?,
BAEHSER L12%REE 1.24%, HXRET 11%. i, BINELT A
¥ ISR R SR Ui B R G B 24 R0 InGaN/GaN % 87 [ K BH & A itk
HIREIWER, B3 T2 EENSE L. XTI AAMUERR RS FERT
B NEREBETFER R E T REME, MEAEARTREREE®R P &K
BR R PR PR BESR i T IR R A .
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ik

21 3l

GaN % HEMT 1, AlGaN/GaN R H I 48 7S 2L mEREAR FZEH
WT, BEBANS AlGaN EHEERIE KRG . BRI R RS
SRR THERTY, X TRAR A R EE R, JE s BSR E rk
BT SRR, R P AN EBRLA 3 AR IR FRARAL B R B P, AT
S| ST A YR - H 41 42-45, 60-63]. HTiXMBRE, KA BT RETE
Bk, SHRFSERMBRRB A EKWEM[53, 64-66]. HFZ2RXCEFHN
STt AU VS B P FL S 67), 47 I P 3R PR bR 22 68)
22 R 20 7 B S [ 69-70], SR F R S0 HH U0 L % P L R V0 5 R 44
MOKE41, 711885, DART HORT 9K B R AL 2 & AR G4, RO E RS
SRR SRR P T3 |

MBI A R BB R b R ARG 5 2 SRR AR A BT, B
H HEMT ZFRH AR v Aol E s R E B R, XBENES
. WHAYMRAEERETHEARROMAITR. EZIARTRK TIEF,
M I £ F R TR/ FB Y SR I LR IR AR I B #, &% AIGaN/GaN HEMT
B B AT IR AR B O P AP A5 R A 72] 0 SR, ARG B R 70 BRI T
A8 HEMT FO281F AR R

fEAETF, BIOEEFRA T EREBETFFHPN AlGaN/GaN & TIEHR
SR ERIEEIER . [73]. BEARNABT GaN & HEMT 4RI & 7= NNAF
B, @il — 4k i REANAR T AR B BUE T B AN GaN EATRHIRAL
SSLFT AlGaN/GaN R i 454+ 2DEG BIF=ENEET TR, FRIFLEES
PUSI[59], X 251 B R IR RFPEEAT B AR . X SKIO R I R AR S A I
TEINGR T BA TR R B RN B A SRR (AR, AR AR BT R R AL IR AL T 3
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2.2  AlGaN/GaN HEMT W%l & /7 ;= Fik F

2.2.1 HEMT sS5a%l&5 %

AlGaN/GaN 7 R 54 B8 id & BB YL =S ITER(MOCVD)A K AE(0001)
H R EAE LK. $EEHETE 20 nm BHKZENE, 2 um C B2H GaN
A 100nm BERATENE, & EEZ Al A58 25%8) AlGaN =, 1 2.1 (a)
Fim. TEXTREMBHTIELE, FRIMEZNETE AlGaN RH M MK SU-9T #)
YET —A 7%, TI/AUNI/Au (200/1000/450/550 A)R i85 i F IR R ITIREREMR
T, SRJE7E 850° C FEESIBRHIR K 30 FOTE B BRIEAL (741 AT M~
B R B A O MR, SR B P IR R Ni/Au (800/500 A) &R £ 2451, X2H| &
HEMT REBKE—NERETE. B 2.10)ZEZET AlGaN/GaN F ALK
I 4 o i 2 P 0 e e o 2%« T 2.1(c) () 20 91 2 0 AR /s A 8 T PRI R A A
fE T SEM B, A TVAUTVAu &4 EIEIEJSIR BN, &/E DY 220 nm, Ni/Au
ERE, BEA0 130 om, 5EREIFHNEE 8. E 2.1(e)/Z2 HEMT HIE
ATEHMENEE, ATLEH, EREN, BIERERENRTR,
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Figure 2.1 (a) Schematic diagram of the AlGaN/GaN HEMT device. (b) Ohmic coﬁtact curve
and schottky contact curve of the device based on A1GaN/GaN heterostructure at 300 K. (c) Partial
cross-sectional view of the ohmic contact. (d) Partial cross-sectional view of the schottky contact.

(e) Partial top view of the HEMT.

2.2.2 HEMT s4RUMHR 53

Fl Keithley 4200 2SRRI RGEERE GHE S, ME T HERlps — Vps
Btk ERFERIREET, @i R MR YR TR 2 (8] A B g i
2. BT BUEHIR IR, T ATINR/E B 554 i F - PR R S AR R R
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Figure 2.2 (a) Measured Ipg — Vpg characteristics of the AIGaN/GaN HEMT, and the Vs from
-4V to 2V, step by 1 V. (b) DC characteristics of HEMT (Black), and the transfer characteristic at

VDS =5V (Red)

StF HMET 8475, HERAFEEEE HSREmEgett. NEsRa
K22 . B22 (a) BRBIENM-4VE 2 VAR EMREET K BR-BE
REE 2R, KA1V, TUEH, LIEREELBIRR, BR-aEsEE—1
BIF LI X, SR G TR AR B b B R R N A A, X 52 SR R AL MIS-
HFET #BEBA[13, 751 Wi o efm, MHREEA TiE6ES 4R 1S
(DEG)I{A&H, WIS EARA T HERER. £ Ves =2V B, S4FHRX
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Figure 2.3 Temperature dependence of the AlGaN/GaN heterostructure devices. (a) 1—V
characteristics of two-terminal device under each temperature condition, the inset is the schematic
illustration of the device. (b) Ips — Vps characteristics of the HEMT at Vgog=—1V at

temperature ranging from 120 K to 300 K.
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Figure 2.4 I,g—Vps characteristics of the AlGaN/GaN HEMT under different stress. (a)
Schematic diagram of the experimental setup. (b) Ips — Vps characteristics of the HEMT at Vg =
—1V under different stress. (c) At 300 K, the drain current at Vpg =9V, Vgg==1V as a
function of the stresses. (d) Ips — Vpg characteristics of the device with 15 N stress (dot line) and

without stress (solid line) under different gate voltages.
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P B A1 R 8 7 S B BR B Ak o SR T PN (XS HE IR PR R R R B S AT R AR T
Ve R %45 A N A 5576, B8N 2DEG [ AlGaN/GaN RE B S BNAE
MRS, B 24 (D) FERIEMEEEMN-2V 32V, HEMT S$FEFE
RLATRT 0 1V stk 2k, WEARATULE Y, 7EARTARR R S T #R AT R 2 ST R
FIF AL FYE IR R R A L. FE Vs =9V, Vg = —1V B, HARRE
THIBEM 34.5 mA HINF] 42 mA, N T #H6E 21%.

2.4 AlGaN/GaN B REMeHHFITERE

241 BEREVHNEMSTSER

FAE 2.5 () 1 (b) PHRIEEEE, RAMRM T AlGaN/GaN 57 R4
VB ¢ BT I T ANER R A RO . BT A B SR GaN BA RO
SR GRAR G KD, 7€ AlGaN/GaN F i 45 PR R KRB R AERAL: (D
SBITEFET AlGaN 1 GaN I E KR PACN F1 PSAN; (i) fFET AlGaN
B T SRS R EBRA (PACN) [77]. 1 Ga HK HEMT % #t7,
i pAlGaN pAlcaN Fn pSeN 5|RIK RIAFERHE TE AlGaN/GaN 5351 5[ Y
GaN H [ = AT R BHEEIT . 247 24 10-c #0057 R REIN R4 RIARRT , AlGaN (PAIeeN)
A GaN (PSAN) el FE B B FH# =L R Ga (B AD R FIREEE -
cHIEMARERI N BF. REAFEET (0001) @7 M EALEFIRP, BT
4

Prot = Pop + Py + €336) + 2€318) + €3116f + €33361 + 313811 2.1

Hrp, Py, & HRRAL Py, B RS R E R, T ey RIFLMEHER
], g M e, HHRVFTT cEAEET c MMM,
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FoE  EHEBTFEHNE AIGaN/GaN & E T IR ERGE

0 2.5 FiR, FEAMINER ST, 78 AlGaN 2 RIRHERF =4 IEE s B 7, T7E
GaN R TRERAR B 7= 4 £ B BT AREEER S F ERN AR BRFERR, X
L6 TF ) [ B B A A S AL I B ) T & il FRE ALK = AR A B A RLIER
M S E AL 2DEG IR EHE 0.

(a) (b)
PLPLPLBLILLLLIBL00 32 ?WW L9280
%?}§$ﬁ%é&?ﬁj ? Al 3?«333 2LIVPLY

& S Be D4 Pd b a @ e N Azcw g«s %a 59 Y- ,}»»a @
AlGaN : GaN By I

pz

CB

<0001>

B 2.5 AlGaN/GaN 7 REEHTEN ¢ WREMMER 128 (2) MZJE (b) KIRHEEM. Rk
SRESMAMEEH AR, HPRemE S EAKIE it R AR A

Figure 2.5 Schematic energy band diagram of AIGaN/GaN heterostructure (a) before and (b) after
applying compressive stress along c-axis, where the bending at the interface is created by the

piezoelectric polarization.

242 —HBEEEAEMBRSENERBESTEX

N T UEEATRTR W BN, X BRI A — 4 B T R TR
K B IR EUE AT I VA 78-791 it — 25 Ut B IR B UMY AlGaN/GaN i Jit 45 4b — 4
BTS20 .

RiEAANEBRER, EAEPHEBRESETETSN:

{ o=cgS—¢eTE

2.2
D =eS+kE 2.2)
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JE R T/ T S E AR R R R A

Heh, gRNAKE, o RHEKE, SEVMNE, TREBKE, EREY,
D ik, kRAEKE.

BT HER, BAVER COMSOL MBI HARRER I THHEHIEE
RIAS AT, T 2.6 FR. MR ARE, JE AN PIENURE Fin s /)
A B, Bk M TR 0.18GPa. B T¥S % GaN MEHE ¢ Bl AR R, £ AlGaN
A GaN [ R F A=A E s s, FFEAERMIMIRLA LR RER.

HEMT & — ] F 38 515 SR 7E T A B — 4l F SRR B AT U BT 4515
EEMR BRI, 7€ AlGaN/GaN R R&EK T MR T THRBSREEET
FERIR -

EIETE

o + V() = Elgi(x) =0 (2.3)

Heh, p RYWHEEN, m* SHETHRELX, &REME, JFHELE AlGaN Hl GaN
7 R RE S R AT, KB, GaN Al AIN FHBEFARREHERIER
1 2.1 thEAH, Y,00R c TS i MTFREMBTHA—LBRY, E 2 c
FHE i MFREANETHRESEE, Vi) ZRFHEENSEY, H=8r4
i WMARN (2.4) FR:

V() = Ve(x) + Va(x) + Ve (%) ‘ (2.4)
o, V.(x) 75 AlGaN/GaN 55 45 4 i S RS AR R B BR e BOY ) S 77
BB, V,(x) REREHEFEES, L) SRR A 7E RS B R £ 1
M EAEF A S

RIBAERN LSRR, —4ERREnRTREERN:
d dv,
— [e(x) h(x)]

| = e (2.5)
Hp, e(x) RMEIINEEE, V() RERBNREERG, ROMEMEE
RS L T [ R A AR Y, R BATENE, &5
IR FE S A (O B T 4 HH -
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BoE  EEBTERNAR AlGaN/GaN SR T IR EREE

00 = ) a8 =) +p() + Ni @ —n() - Nf 2.6)
j=tib

K, o(x) REABEFTZEE (MBEFREAAEAMA, 52K Q.1 Fintim
Kb B HIRRALSRE Pro, B UIFESR, p(x) Fin(x) 735 2 2 R G AT H H BF 1Y
W, N (x) REESTIRE, Ny (x) RZEETIRE. X THRAR AlGaN/GaN
RS S, SREXBLNTKEEA TR AlGaN HLZKHH i, 7 LE
AlGaN {) FiI R 2 TS24 P WWiE; XTT7E AlGaN FEF & BRI RS,
BIEMIR A BT E 2 IR B RN, FTLEEBFRNG PAE

AR (2.6) PREEETREATLUEN:
Np (x) = Np () fp (%) 2.7
Her, Np(x) REERRKRE, fi BT EHERIFERN 2 FORERKE ()
RIJLE,
1

fa=1-
P 1+ SerpE2GLr B @8)

K, kg AT HBIABRZEEHNBETRE, Er RIFKER. £ AlGaN +F,
BADH N =62, Sifl o RIEAMERTFER, FTLL, BAVREN TR Al
HAME, Ep(x)BBUAL AlGaN IS HRERIK 0.2¢V. HRA), AR (2.6)
B2 B TR AT LU S A |

Ni (x) = Na@) fg (%) (29
He, Ny(x) RRZERFRIRE, fif RRET HERIFER 4 WZERELE, ()

E‘J)—Lzy
1

fa(x) =
i 1+ 4exp[EA(x) a A —F) (2.10)

E AlGaN/GaN BB JF 45, GaN EEHZEAM BB AN EF X 8
ANHEEBERW, T AlGaN BRHIZESER N FE T AELE P,
FEARZH T, BAMREZERLROMHAE GaN F, FHE,(x) BEAT R SR
3eV f1H.
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EH BT/ FEERMEESR T INA

AT HE RSP E, ERETENEA AlGaN/GaN K155 45X [/] P4
2 2 -

fxpp(x)dx =0 (2.11)

t

B A ER R A AR, B

J pp(x) + NE(x) —n(x) — Ny (x)]dx =0 (2.12)
EFEIE AlGaN/GaN RREFEA— D4 FRIIE, n(x) ATLALL T4 H:
n(x) = Zni ()| (2.13)

B, n £ cHTAS i DTRENEFEENM BAEHTRER,

_ m*kBT EF — Ei
n = In[1 + exp( T )] (2.14)
XH,
Zp

N, = f n(x)dx = Zni (2.15)

MZRAR (2.7) - (2.10) HRKIFE, 7T LR LD FAE B FALE 2 KA
B F AL B BITT AFEN, .

AT (2.4) FHIV,(x) TS EE RESRER. FIRRREEEML,
Ve () TT BALA S HAL T R R

v = [1 + 0.7734-1‘5l (1 + 21)] 2Eg 216
xe 21 " r, /lmar, (2.16)
XE, a= /973, REE R TFIERKENER, TR
4 -1/3
T, = [gna“n(x)] (2.17)
IE R R RN, BEREEEREH TS,
e’ (2.18)
Er = grear '

WEE TR, Vi (o) X BT F ORI B B e 2 S8
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BoE  FERBETFEHES AlGaN/GaN B R TIB R RAE

RIELL EFRIE, BRI A D (2.5) RAERGREF, FIFARZES
RIGARATTRE, RBRLTARI BHE S, REFIHLEREREREEE TR, K
BETFHEE, WREHM BRI A XANFHI R 6 REEAR GRS,
HIEAM T RENEE TR . RAXMES TRERBERESTE 82T —R
FIR AT ASIRRH . 2DEG IRE 4 LR BB H oA, £k 2.1 41 TiHES
FrAZEIME&FMSE. K AlGaN IZF IS HET Vegard 1S H:

' A= x4, + x4, (2.19)
A, FlA; 3319 AIN 1 GaN HIE TS, x; Flx, 5374 AIN fl GaN I H &
B, AN AlGaN JIEIgEHE .

B 2.6 (a) B/R TIRA SRR /I BEE ¢ 3h77 M B B8 R8T FIR B 2
A, BHTESEY EHPEHZHOXTFRME, AlGaN EEM GaN HEEH ¢ #if=4
H AW, TiH, AlGaN # GaN Z AN &% RS FEAE AlGaN/GaN 54
AlGaN —{lF1 GaN —MI7F=A4= 48 )z 77 [ ¥ s HEAR AL, TIZE ST b REAARAL FLAT
B K93 x 1073 ¢/m? . HEFELTEH—N=AEEH. ZN=ABRFH
IR T BT IHRE T B FIEE c MEs) LUY L 2DEG. M7ESF EiEin st
R 18T, COMSOL 43R AR B 7~ 7E Hefih mURRRL H A M R 7 IR B B 23
e, 2.6 (b) - (o) FimR. ¥ ALK P E BB RN BR-EEE B TR
EAER R, HEERRE, WIERRLAIMES TS, S8R EAN
B A M-0.025 eV [E7-0.053 eVe XFPHPEEI IR mxT B H BT HIRE,
fEEE P R 4R TR EM ON BT H50.92 x 102 cm ™23 0% 15 N BT HI1.19 X
108 om™2, 1\ T 29.3%, ZHEFRIRE SR INEUENBREH <R,
XH IR HEMT O FAER-RIR B, N a i pe R BsE.
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Figure 2.6 Calculated strain distribution (upper) and corresponding energy band structure and
carrier concentration (lower) for the different applied strains: (2) 0 N; (b) SN; (c) 10N; (d) 15 N.
The dark lines refer to the energy bend in the AIGaN/GaN heterostructure. The red lines show the

2DEG distribution in the heterostructure.
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BE EHBTEHNIAN AlGaN/GaN HHE T IR ERAEE

2.1 AEN R AN I GaN I S5

Table 2.1 Physical parameters of wurtzite structure AIN and GaN

2% AIN GaN SE IR
I EE a (om) 0.311 0.319 [80]
ﬁtgﬁ% ¢ (nm) 0.498 0.519 [80]
FETEWREE Eg (eV) 6.25 3.510 [80]
BFERRE me 0.32 0.20 [80]
2R BR R mun 3.53 1.56 [81]
AN EBESR 8.5 10.4 [81]
Cu (GPa) 396 390 [80]
Cz (GPa) 137 145 [80]
Ci3 (GPa) 108 106 [80]
C» (GPa) 373 398 [80]
e31 (C/m?) -0.60 -0.49 4[59]
e33 (C/m?) 1.50 0.73 [59]
e311 (C/m?) 5.850 6.185 [59]
e333 (C/m?) -10750 -8.090 [59]
e133 (C/m?) 4.533 1.543 [59]
Py (C/m?) -0.081 10,029 - [59]

47
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243 HEMT 2= I-V 454 Rimss

WATTZIRIE B R R BAER T RS EAT B85 T HEMT 2#+4F
VR R 4 B T RBEANIN R T AR AR, DR T A BR AR I R R - EE R R RE S M AT
Ri 7170 BB E], BRATESL T 408 HEMT 34 IV FetE i il & 2.7
¢4 2 AlGaN/GaN HEMT [ R 2 &, Hi AlGaN BHMEEE d, HHkK
ENL, Wik Eﬁw

Ti/Al/Ni/Au L Ti/Al/Ni/Au

400 p m Sapphire

B 2.7 GaN HEMT B4R ER

Figure 2.7 Structure diagram of GaN HEMT device.

TELRPEX, TATBREVIE T HOY BT P& BRI X IR R AR, AR
FA R SR 5 45
V(x =0) = Rs - Ips, V(x = L) = Vps — Rpslps - (2.220)
H, Rg MRy 23 B2 TR 5 B A P AR AR o B e pE . BRI, 2 X IR VR R
ERN:
Ips = BVr[Vps — (Rs + Rp)lIps] (2.21)
Her, BRESFARH, B=Wpne/(dL).

TEAREMEX I, Ips AT LARR9:

2
Ht, v, 2 HEMT RIREEE. TR SRR BRI J7 A4 [82-84],
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BTE  ERHBEFEHNES AlGaN/GaN HHETEBEREKE

XEBAIERERERETS .

FERAX, AmEBEXTEMBEN, BFEETHEM, WERRET
WAAFEERERES M. Fit, FREBRETRER:

Ips = BV, L/VLZ + (Vr — Rslps)? =V, (2.23)

Hep, V, = FL, F, RrEEEMKERET.

DL EfE A E B R N TAR R A ES 1 T HEMT S ERFRETH
I— VHrE. HXHEMEEIIEDY “ BB 7 FISMME /S, FRXESME. i
P& BHISNERRL AT AR LT 5 H s F AR A S A ) D B BT LI I VA T8 IR AR 2
BT, TSR g n.

300
— N em= 15N
— = ON 4 15N
E 225¢
£
< e
E |
+ 150
s ! e
s |
Qo
o
D 75
0
0 2 2 2 5
0 0.5 1 1.5 2 25

Drain voltage (V)
B28 ¥ Ve=2V i, BB AIGaN/GaN HEMT 764 To 5% 7 i ) e - r R A M B 28,

B B R 2R R SE TR 1R BB .
Figure 2.8 Simulated Ip5 — Vps characteristics of the AlGaN/GaN HEMT with stress and

without stress at V;g = —2 V. The scattered points are the experimental results.

K 2.8 fims, BRATHE TV, = —2 VEF 1SN F1ON /7 F HEMT FHL -
RERE, EAMKAESEKTEERSLRNFNEHEEERE. BT
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[E TR T AR R ES P IR A

JE L1 T B Ak R AE A BRI IE B AL SRE TP B AR R T L, FrLAERE T &t
B 207 AR U 4t B S S BRI & BT [85-86] . R EMMR AR/ DHIZES,
AT R BT Kink 085 AR MR K IR AR IR A R B 8 m[87]. ZMiN 15N &
RiFRE, AR AR TR N1.19 x 1013 cm™2, HTIHMX BT
TR B R E R . BRI T B AR BT R B, ERIHE
BRI B AR SR R AR XEWE, ERITNEST, KR
TN X ELTHMER. € AlGaN/GaN R R MM AEH, KT 248
FA MIRIETR B, — BRI AT 825 B R/IERRLE R, B-EA
BRI FIIESE. BRATRFT AR T —/ANE IRIESR, IE T RRBTF
JEE N . HEMT (WEBENAZ —REBEAREG, XA IEH AR
RV ISR T A RERIR A

2.5 KRB/

AR AR BB T R T BN AlGaN/GaN L FIER R
SRS IERIER . RN ERL A, YRR ERIR S . 7E 15N SR 7T B
R-1V HHREBE T, BRI 21%. 2w BAAn T Er BRmaif
B, BIRETERA/EM T INE=/MAM+ 2DEG BERE M. & 48 75F
BEBONG S8 7R, M RN AR R B 5 LR RV B BT . IR
RIFHIRF T K Bk AN 5 2DEG BIFZ RIBIEIRK R, A& Rk REE 58I
BT — AT IR RTT R o XM SR W A M RR I QUBT T VR FE ¥ 2 SERRNL A R
BEEEM, PSR RENANRE, £T HEMT FfEEEMNz e
H IR ARG
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B=F [EHENAEFFEAE LED 7 LEERF RIS

B|=ER EHXHBETFEE LED A LERPHRA

31 518

BEE BEROETIRE (LED) HARKIBER#D, BWARYH WI6EE R

1T, BFM, B RAT, AR 4 AT RAT SR e B A AT L, BT
WIS BB EA HE KRB . BRI, AT E S
T B ST S RS . 19— A GG A R RSB, T
WICBEELIVIEHR (RE) BERASEAE RSN, Wzt FHRH.
GYFTTHIE . MBI GBS0, TIERE T BIAMG R 5 AR,
AEEEEIA O REER, I ARARIE, KRR ENNA, ki
WA BRI EEAEES) , SRSFRERE, HPATERD. £,
WA F A AR AL LRI SO T F R ERFROIB (S R, K4
MERMNERERECEME T ERWEE1[93-95]. #ikiE, T RAEENE
st 1 ST e 05 o R G0 R L SR AT T AT LGB (S B B 23,
KRB LHRKITS.

A WY RIS IR R IRGR (BER) , BHBERBUBE TGS HE
2[88]. T A WOGEEEE PRI EZRIET KA MALRA, HESAH
AEAMSZE T, BWHAEEENNGESRE TR, SRR EKREE, K
b, it —FhEIE A IR BIERE RE R TIR AT IOGEE RARAEE BE
1. 734, FEGRSEIETE RGP EREE B NEE A JL+ELE Mb/s, ARIER
ERATTER S . Hlin, —KEB “0” M “1” SHKHERThRBN, HFilRRE
AR XA AN RIBREE &E HM, &R “0” Xt RAEAFM. BTl
—FREBE BEARIE LED 284 FIREPRE, XA ai@ s P rsIErIN
RIS VE R AR E DB, |

J B BT S SR A R R AR B T A, R, o B/EA, DK
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Ji B T/ L F R AE R R ZE 2 4 P B R

T B P BE[44, 96-97]. H T IE B a T ERNAEAER, B AHI 50/
RIS RS /1, e, EMERRS, AVLFE, MEMS, fiEUL
SEs CMOS BARMERFTEEEFEENNA. FIA ZnO g9KL& (NWs) ,
CdS NWs 1 InGaN/GaN MQW GKiE, FFRIFBUE T — RIVBTBPUK/UERE,
IR BB T AR K A A[98], EHGETARPIRERIMR[99], ERtHE TEES
H[100], FE B8 Y6 T2 0% FR AR T 35 [101-104) 1 & B8 Y6 HELF R 6 AR E[53, 105].

FEAZHFARNES, BHFMATET nGaN/GaN MQW FURKAEA K A
6 BT BB S G AT OGBS (PVLC) R&. REAMARETH, B
FIHEIN /3 FROEUR G (PL) S&ERH E OB BT, LIPSk #dEfehm. Lt
b, KB InGaN/GaN KAk B0 K R 5T A BUtiERR TR B T tRRIEER.,
R VOB R G T RSN A TR OGBS R, ZRAREE T M. 22
A . B R BERIB(S T .

3.2 ETFEENEFEYNANEET RLBE

32.1 JERERTEOURABERGEERE

AT BYOCRIE REPEENAR, AR T — it i 7 ] K B
JI9mBS ] WIGEBAS REE[106], Tl 3.1 Frs, HERGRET R BMAR KB,
RZirh 325 nm FEREOEEE. LAl (BRRER)  ¥FWE. CCD R
R, WREAM BER NAEHRREHMR. HPNAERRFH TR
e B TR B IEr &R, FEmEE e R R FLET, Je B EERE
EEEERS RAMPER G L, HRESFOT RN E BT Bshier & i
WREMBIRE R b, EORE MRS 325 nm, JEBER/NA 1 um, BOLREE
PERMETE, BMRFERIGERN, WEHEERL CCD R SR M il i
AR R Eor e B k. T M LED &R/ A7 A FEARFE LS
EREET —ANE c HRERLT, EEGRAE PSR T BN R AT . ShET
A7 B /N T 22 e bR EEE R/ RoR, il 3.1 iR EpT R, WA
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=% EHEHFEAE LED A WOGE R R

FEA R RINIEE AR B M AL B 0, 2R TREL HEst B K /N AT U I 23k 15
XEEHEERESETHPHIAZEZIER, BR T ETHP BTN RH
R A2 2, W SR TR CERER L AR RCRERKEAEHE LR,
e W] DU B ) 2D R G S LS BAE .

Y

Objective lens

Bl 3.1 ERGHETHEANEGET R CERRSREE.

Figure 3.1 Schematic diagram of the Piezo-Phototronic Effect Controlled Dual-Channel Visible

light Communication system.

3.2.2 LED #mEEHRIEF L 45 M R4

SIS B R EFIA MOCVD AKEEZAME LK InGaN/GaN
MQW LED ¥dh, KA B L TR 7 %SISR 290K mE 3.2 () fr
a~, ATREW, GUKEMFISMINA. B, SMYURENRELSN 1100 nm,

12279 900 nm. {3 FIGIKAE 51 45 4 BORE &b 19 JR R 2 AR G T R Z1 1k 9 LED 4b
SRR, IXPh I Z ik DAJE R 3320 A0 B9 KAE R DA 2 BE R IV U AR R BE R
R RS, Rtz sh, AR T GIRBE.. XX TRATFTIR B EHREE
TFEHUBAGIM T REERREREFHREMN. ATH—PIRE GaN/GaN
MQW FUKALM NI, RATERRRARKEHN PMMA, REHES
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R o1 B T/ B T AR AL R B R B R

FARTEYEHLAE 300W TR T Z AL T AR PMMA DLEE AR F I p-GaN #a,
H PMMA A& TFHIX KA. B 320 B REZ2E % ME InGaN/GaN
MOW 4K EELE TR 4 3 XRD A4 R, AR TR ILE GaN KEHI T

), EoRHERRSRREIRE.

B 3.2 (¢) 4R PL IR RER, BORMEERIE NG, RIRE
T BRI SRR LA HLE S, BhEERR RIS, BT
F4yB1%: N-GaN. MQW. P-GaN. F# ] PLERHA B ROGIERL, XPANK
ﬁ'ﬁ%&ﬁ@ﬁ’ﬂ%ﬁ%%%?—%iﬁ%ﬂE‘J&ﬁ%ﬁﬁ%ﬂ%ﬁ‘tﬁ%%éﬂﬁﬁ =5 HPA
g, WA 32 (A Fin, RRSERRERIGE T PLEHE, PL L IR
B R SR T 2R K T g 0, B I Y R R RS O AL, X
AT Y £ RS RO TS R B AR I9[107]. B 3.2 (o) o5 B R SR IR PL I 5
T & E 3 PL S L, BT, PIAERIER s, AT 4520m An
510 nm FHE, S5 ASET RN ARES HETH. B3.2 (0 =
8RB\ B B K MOWs SR RET B HEAIPHA R RET P
e B AV RIS 2. TT5eV 1 2. 4286V, 5T HBERIER &IE, HEAPENIA
S Ty B2 N OE IR, TiRA %8 SR B RARACIR L5 B
B AR, FTLAERH EaR P [108-111]. HESEBNITE SRS NS
W BB R B SRR B AR K B, B A R E A S BN RAS 3. 1 iz
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B 3.2 (a) Inp2sGao7sN/GaN/Ing 1sGaos:N/GaN MQWs A5 #98) SEM B; (b)) MQW 3%
HEREREME; (o) PLGENRAEE, BERTERIRERSEY; (O ERRNEER
ThEF LED B A i PL OGil; (o) MBEBIWMANARETFHHREIIRME, ST 2. 737 eV
A 2.436 eV. () HAZREIUT BRI MQWs SHR6eEH B .

Figure 3.2 (a) SEM image of Ing2s5Gag.7sN/GaN/Ine.18Gaps:N/GaN MQWs nanopillars. (b)
Rocking curve of MQW pillars. (¢) Schematic diagram of the PL spectrum test. Inset: the structure
of a single nanocolumn. (d) PL spectrum at different excitation powers from 10 to 45 mW. (e) Two

peaks emitted from two different quantum wells were clearly observed, locating at 2:737 eV and
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2.436 eV respectively. (f) Calculated energy band diagram of MQWs structure.

£ 3.1 InN f GaN S

Table 3.1 Physical parameters of InN and GaN

=¥ InN GaN SE R
ARG E A a (nm) 0355 0.319 [80]
AR E % c (nm) 0.570 0.519 [80]
SETEHEE Eg (eV) 6.41 3.510 [80]
BFEREE me 0.07myo 0.20 mo [80]
ZEREBEE mun 1.27mo 1.56 mo [112]
FERTAY HB % 15.30 10.4 [6]

3.3 EEXHEFERN SN BN RS

3.3.1 PVLC B9%sRZaHI#RK

H— SRR, ER—BENBROLRRE T, 99KEEH LED B
TEREIN T ARSMER AR, PL G REAE, il 3.3 () fras. Bk, B
FHNINRL ST, BRI ARG E RN AR, X2 BT 4N
GaN RZIEHFONFRIILEN, X2 REMBIGURIEREME J)/MARR, 572K P
HrE A Ak BT . AHRIHE, PL OGHERISR RN R 2 S ALK K 1/ MAR TS T 1)
JE R AR . 3.3 (b) 45 IR PN R GG HOR 73 55 B R T 22 BE IR P2 (Y
TR FR, HUTLMEE “07 B, BOCMECHAARERIN 7HIE 18 F17
ANEAL, BEE TN REREREM, B ERIACRE NN D ¥ 2 8RR,
FAGLREBER, UETMAMERE 43.75 pm I, BEIERGOGHI5RE IR
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EZ=F  EAGH T LED A AJGE R BN

SrAEEEIR, H7E 4 DMEBALMGE . X PL JGIREESMIN R AR F ARG TE AT L OG5E TR
WA I RS, BERERAESERNRARERE, TRGEERZRLA
25| EHREE A E .

(a). (b) 25
20}
»; 64,01 Precession depth -
A 3 15}
& d
Z 400 bt
gn .2 210
5 T 43.75 g
€ 20 s
2 £ 5t
™ ok
‘A plb
-5

0026 30 40 50
Precession depth {micro)

B33 (a) TRSATHPLGERE; (b)) B/ENRaRERII G ELE. HES

BT REFEHERE S 0 F1 43.75 pm BRHAES: PL SRR Fr o S BIXS RN [E] B2 77 T RE A B2 bR K

Rt B

Figure 3.3 (a) PL spectra at different stress. (b) The force dependence of integrated emission light

intensities of blue/green peak, which exhibits a good consistency. Inset: optical image of actual light

emission under different stress.

HFRRES AT PL BENA, RIBRM T —E T LB NHEE
B, WME 34 () FIRRE 45 MRIH/ERI S SBET, BHN 452
nm ISR RIBR AR . I 1L RE B TE R RN AR RE R R, R4
R 3.1 RGHRBEMRTL NS AVGEREN 43.75 um, BLAHHEMERS &
FIRL & T HE TR AR Z RIS KME . FEm R IEIRE AL R &ITE 7700 F1 6800,
XAE—ERRE FIFE T RATH PVLC RAMREN. SIARN, ROTET 5K
29 510 nm HGIE R STIETRA OMBGYE, ME 34 (b) Fim, BI586M
RiA—B, RIVRERIAR, HFETIERNEARSE, & LRBRER
B BIE <17, REFEAANIEIE <07 , MBIt AHIE N ARIE i SR A
BRI TR L, IR E S BENTE RS L, IXHE PVLC RS 4H5 AHIH
K. BIHEFHR, HEET PVLC RETHERATR.
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@ (b) -
! : [T biuel ~ green
L R Pt SR 180k ] - blue |
— o _ . .
s £ 150k
27250 £
2 £ 120k
g 7000 E
& o 9ok
B §750 |-~ rem e e -
6500 Lttt et 60K Jos . . .
5 10 15 20 25 30 35 40 45 2 4 6 8 10
Cycle(T) Cycle(T)

B34 (a) BEFROCEREIMNEL, BN 45 MR HBERL; (b)) KA
5% 5 B A A R AL IR L -
Figure 3.4 (a) Intensities of the blue light emission peak with periodic changes in the applied

stress for 45 cycles; (b) The intensity of the double-wavelength light emission intensity under cyclic

stress.

332 [REESCE TEMAOEH R A L@ MRS S HIRGAIE

SRIAE PVLC REEMA TSk, TR A& M 8 i 3t ACR AT 3
] 3.5(a)-(c) ARl #4884 1010101010107, “110110110110”,001001001001”
SRS HEEES. B, B 07 A “1” ARMRIBIEFHE, FHHEBEHED
BEAERNES BA RIFROERERN—8. RIE 3.2 41T =MESHRDHE
G R, FOEERISH B A RE R 4%, XEWE PVLC R
feta T S A RiFmites. 3.5 () REANEERBERNSEM, LH
T®8E “5”7, BhE, BMBERAFENEIRZEZTEHE, £/8 PVLC
RGP BERE AT £
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a b
(@) —— channel 1 (b) channel 1|
= —-~channel 2| 3 ~— channel 2
- =

2 2

8 2

£ £

d o

0 2 4 6 8 10 12 0 2 4 6 & 10 12
Cycle (T) Cycle (T)
(c) (d)
channel 1 -~ 2} e - — —

5 = channel 2 = 2

2 w ©

i c £ 1

5 £s

] E c

= (4]

- a2

0 2 4 6 8 10 12 0 2 4 6 8 10 12
* Cycle (T) Cycle (T)

B35 F&% (a) “101010101010”7 (b) “110110110110”7 (c) “001001001001” X/
KmES, (D mANBEREERMEN.
Figure 3.5 The outputs of different stings (a)*101010101010,” (b) “110110110110,” (c)

“001001001001” by PVLC system. (d) The logical “AND” result of the two channel output.

PVLC RAGMXUBIEEMEASEL MIMO (ZRAZHH) BoAR+HIZ
SERAREU, BB TR SHBRE - NEEP PTG S[113-114]. XA
PVLC RERA T AEE XA R TREEFEHENEETEERNRRES . E£7WEE
WRLH, FENBZNE G, WHERNE IR BBEARSE KT, &
StEfE SIERT AT FBUERRZ N B, MRAIK PVLC RGEA RIEMHE
BREFRIThAE. BET GERRGEER RN —MEE EENERLIREE,
3.6 (a) BRKIR PVLC R RFIAEBRRIETENTRE, RENERESHR
FMEE, BAMEENESETAERE, 20— MEEESLEET, BHMS
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ERES MBS RERNES, BScIEmTaE. SEFRITSRARZATI
SIS EEATIES, YMAMEEHRNEED) “1010101010...7 B, FEHH
—AMEEBI R, W 3.6 (b) (o) Fiz, WLER, THfESHEREmE
BB LVFRAE RN, BRESEREBNBET=ET =ATHES, B
AR 101 7EE SHTMEZR T1117E 5, (B 3.6(b) FHxiEHN ERROR).
S BRESREETT, WEE 1 AEE 2 HESHTMARIER (AND) [93,
115], {55378 T R%1, EHHHREIESTIRE “1010101010...7 , Mk 3.6
(@ Fim. BB, RGERNESENRZESRTIRES RN, KT
RED I IEH B .

#£32 FETHFRBLIHMESERSLM (HOL) MEAAL (LOL) HitiE

Table 3.2 High-Lot (HOL) and Low-Lot (LOL) output values of the same signal through two

channels
518 1 {518 2
HQL LOL HQL LOL
101010101010 1.039 £ 0.9% 0.0032 £ 1.3% 1.032 £ 0.65% 0.011 + 0.6%
110110110110 1.005 + 1.91% —0.023 £ 3.56% 1.005 + 2.43% 0..012 + 1.51%
001001001001 1.032+0.31% —0.016 + 0.93% 1.031 £ 1.17% —0.02 + 0.59%

T #—HHIF PVLC RETESRS BAEMETR RIER, RAOTR AL RSG5 5

TA%E “BINN” ERH—RFIHRID, EHHmiEIMERNE 3.6 (o i,
ZRHB”, “17, “N”F“N” #4555 &2 “01000010” , “010010017,
“01001110” F1 010011107 , £ PVLC R&ifEH)E, EEEHTR. BTE
E@E% RS BEAHN, EidERRMEBA, BRAVFTEIHKESR BT F% A
ST R RRSEER RS BEE AR RGE RIS THEFHA
fIge S, XX T R&MERAERHARZIAETHBEEEEE.
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signal 2

(b) —channel 1 - channel 2
- % TN - T4
3 3 11| ERROR
s g . e
= &
["] [
$
2 g
Y a{ UL 1 g

0 4 8 4z 16 20 20

Cycle (T) Cycle (T}
(d) - computing datal (e)
ERROR ELIMINATION e
'g 4 "I A™Me e g
R s
Z z
§ g
E
- -4  OF
-t o
m — o — booveed
op = L= L B I N N
0 4 8 12 16 20 0. 5 10 15 20 25 30 35
Cycle (1) Cycle (T)

Bl3.6 (a) PVLC RERERFIERRER; (b) BE1ESHE: (o BE2ESH
s BEARERD TEE 2 PRRGE; (D BMEERENERER. BIEE 1 il
2 MAA/RIZHE (AND) WIEHERR TH#R: (e) PVLC REGHHMN “BINN” #¥. F&
“B”, “I”, “N” 1 “N” B 3| 4bg5 502 “01000010” , “01001001”, “01001110”

1 “01001110” -

Figure 3.6 (a) Schematic diagram of error code identification/elimination by our PVLC system.
The outputs of (b) channel 1 and (c) channel 2. The dot circle shows the errors in channel 2. (d) The
communication output by PVLC. The errors were validated and eliminated with Boolean calculation
(AND) of channel 1 and channel 2. (e) The output of the sting “BINN” by the PVLC system. The

binary encodings for characters “B”, “I”, “N”, and “N” are “01000010”, “01001001”,01001110”,
61
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and “01001110”, respectively.

3.4 BILEER

AT NERIER PVLC REMITATHE ST 4EHE, FAIFIA COMSOL 4.3a 57
PR T A SR AR K 2R AR S AR T RE S PRI AT . S0 3.7 (2D
Bior, MA7ERE RIS SIS SR, FERE R O 5 T Hehm i B LR A I BE R
72 JL+ MPa, IS AERE BT, MR, BRI MENS] BAR KA L
W@ 3.7 (b) (c) Fim, MAF, 7 GaN/InGaN HIRFiGAEA, ELrEEkE
T, TERARGUREE LS 7E Tk RAR S AR FL ERAT, 53— o R AR IR 14 Js B PR AR
[108, 116]. & 3.7 (b) REWHHTHIAIR MGaN/GaN MQW FK %k ERIARAL .

HAaRTREE, B3.7 (o REMGSHNRLBERI, ZHER

(b) o

T

i! e Ae @33

§t %A 43

B 3.7 (a)FIF COMSOL4.3a il 13BIM 8 LR 10 B (b) B4R InGaN/GaN MQW
gk E AR TR E R (o) BB EARPURAE LI BT

Figure 3.7 (a) The stress distribution diagram on the device simulated by the COMSOL 4.3a. (b)
The schematic diagram of the polarization charge distribution on a single InGaN/GaN MQW

nanowire. (c) Simulated charge distribution on a single nanowire.

K38 AHIAEBRERITESEN () THIR (o) FIIHNEEHRE
EIANE B4 A I, BT OB, RATMARELAE B R RO B AR
Bl RE IR AT IR, BT AR NSRRI 7R, BB BT, TR G RIEL
KT, BREERAEEARRIE B T, B TS RERRESAES I E
FBEcp A, MG SRR AR, BEENFE AR Y R ARAL B S BORE R A A
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=% [EHLHEFEE LED 7 RIGE R T A

FRERES B M EFHRPUBEsI[117], WRHEESRD, LRERE
BINGDEBUR T, BB MM REEMS2E /. Bk, a7 LB a4 i itin A
Bl RS /ISR PVLC ARG AR S, SSBUEE .

(a) Without external strain

GaN Ing,sGa,sN GaN ln Gags:N GaN
Ao Conduction band s a 018 g\:z\\\\\\\\

ground state

ground state -~

Valence band W -

(b} With external strain

GaN Ing,Ga,;sN GaN IngqgGaggeN GaN

A 242 Conduction band 3}

120
gound state--
5
£ 0
‘ 5 ground state -
0
Yo Valence band

Bl 3.8 (a) TAMIE (b FA e r B EME R HE.
Figure 3.8 Schematic diagram of the energy band and the distribution of wave function without

external strain (a) and with external strain (b).

3.5 AENE

B2, RERFANFFTERRT —FETIEK hGaN/GaNMQW 4
KAL G I B0t i T 22 RRR A T GBI AR S SR ROt R B E T S
L3 51 IR AL AT BEAT B ROR ], BB T M ARAS IR . S4EGHT WOGERE
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HE, B4R AR BTGB AR T PR 35 7 TR0 B BRI RS, fRIE T H&IE R
IVERRME. $4h, PVLC R ERBERISMIRAN, BT DA — R H IRy HL
FRAER . 1ER—FIERA . ZAFHREOTLERRA, PVLC REKERE
B, EAERL. BEMELANAT LML, AEERE. BAMEHEI S0
BB SR R L BT
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FUE  EHEEETFHEINEE InGaN/GaN £ 8T B K FH At

FHUE EHBXEFEYRNIME InGaN/GaN ZRTFHHKPAE

41 5IF

F—BOAREN I REN LSRR K B SR EEER,
In A57 2B SRS, InGaN EfK PR it 938 B0 7T LA 50%[35]. B2, 7
EPRISLIR T, AKBREHERHEAS XL EEHEEK InGaN HIEE
JEewHAEM[118], BT GaN Fl InGaN 2 [A]fFE IS RER, In A4 KRS S
FEEEEAEZEE, FIE R ZR KBTI R K37, 119]. EFEMRRE
KR EFRENFRIBEN: FA MOCVD EMEA KT b A 8 1045
H1, Lo T B MR SRR R AP S B Y , Mukhtarova 2 AFTSCE A,
R ETBHRIEEMN 5N E] 40 4, 8345 BRI B 0.09%31R F £ 0.85%,
SR, MUBFHHHMEHR—SEME 100 M, KFHEERNRRTEEDT
0.78%[120]; WHBFHARBITHE InGar-N &4F In FIA L R AR
PR [121]. {BRX LR 5 K PH AR BB M R W T E R E L KRR, W
A, M RE, FbB&FTR -7 RIRE InGaiN/GaN £ &
F A B B B RO R AR

JE L H T 58 200RE I8 P PR R B U RS R R B KB T =4 i
MR R E AR, RETRNEA XA SRR E BRI,
SPGB R AR =3 2 (AR A R I 741, 43,47, 64]. BT
FRN O TIRE S YA RS0 R BUK[45, 53, 68, 70, 122], JuiR4:
HRIPERE[57,123], BLRRETHRE (LED) BIRERLE[T1, 124-125]. X LLB3
AT L@ HE N A AU R 77/ LR B R BOR T, R — RIDG IR RR 2
R . REFEBRABTFRERASBELSE (MS) BRRELEN, FlWn Zno
TROR/ K 22 38 44 H Y PR AT R O BS03E[126] BA & n-ZnO / p-SnS Jt Bt R 5 42
MBHIRE[57]. FEEPKBFETARNK R, AT 3300 i i T2 3N
METFRBZ ANBEGZREBNT . FHOCAEEBMLR AR T HIESR

65



R BT FEERMEESR R IRA

Ei, 22 200 8 51 1 InGaN/GaN MQW [ PL 58 E[53, 61].

fEix— &, BAMRE T EBGE T ¥ PG5 InGaN/GaN MQWs K
BHASER N[ 127]. FEAMEERIAIVER R, KPR B AL BE IR 1.05 mA/cm? 0]
1.17 mA/em?, BAFEHNEN 1.12% &) 1.24%, MHEMRET 11%. o
FATESL T — A BRI RS YL A0k BT S SN InGaN/GaN & T
BERFR AL R REIEA, HBRIT X EENSR. B2, AETHAN
75 52 B R B B T2 308 J HE 38 InGaN/GaN MQW K PR BB FR it MR RE4R AL T —
AT R . BATHE ROCHR T B BRI AR —FIEE £, AIKE
B A, BERAMEEE. TEL. ERBCREE. HRETERMLA, TR
BEPIACE, XTERAYAMERE R KR T BA BRI

42 HREMWRRIESNASH

421 MHEHISHRIE

InGaN/GaN MQW KFH bR EF AR Z ETFHEMRSEN RBEE
BANMNESAT (MOCVD) R&FE (0001) BRUEEAFIKLAEKRSE
7, InGaN &4 In 585 25%, MQW HIE&H~=EWE 4.1 (a) B,
B2 B TFBEMANE R B T ERRE S BIK; 3 um BHIALE GaN &HZE;
2 um B N B GaN Z; 9 MNARIH InGar.N/GaN £ & FHHRIE; UK 0.2 pum
P # GaN 2. GaN/InGaN/GaN & B} iIAH BLR 745 A BLA GEH5 25 it 20 ) a0 &
4.1 (b) 4.1 (¢) Fim. BT GaN fl InGaN BB JEF L ITFRI SIEEN, &g
RETE InGaN/GaN 5Ll B & KR BRI Rl SBCR E A =AE BB EIT
P, INTTT 58 08 2542 o A BRI A
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7"“33:" P9y @ ca
‘“?”Yf};”\?“\?"‘?*“‘* @

®s @ N

ot o o T o e o ok ool oow o o oo o o oo Gy o o

| aw&? Q‘?’“’? 9\?;'9 <0001>
w{"’g’*‘*‘f"@f*g‘”*@g L

B 4.1 InGaN/GaN MQW XPHEEHIEHIZHREE. (a) InGaN/GaN MQW X FH#E Haith
FEETE A RE, BHRBKHES 2 GaN/InGaN/GaN R 4 BETERERE: (b) HN
MR FEMEA; (o) gnreR.

Figure 4.1 Structural characterization of InGaN/GaN MQWs solar cell. (a) The cross-sectional
schematic of the InGaN/GaN MQWs solar cell and magnified cross-sectional view of a
highlighting GaN/InGaN/GaN heterostructure. (b)The atomic structure model and (c) energy band

diagram of the GaN/InGaN/GaN heterostructure.

4.2 (a) ZFES B 733 XRD 751 B, B9 a] LU E 2 GaN (0002)
TH AT EIEH InGaN £ B FHF & RATHE. AR TEY (-3 F)+2)
HILE mGaN FMIERFHN, ErHEREFEEENERRE. ATREE
FHHEMAGHEHER, RNFADRETEMERE T H 0 EEmE &,
WK 4.2 (b) fras, AEH A EUE 1, InGaN/GaN ZEFH S EELA R 150nm,
BANFEAEELA 16 nm.
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(@) GaN

Log Intensity (a.u.)

16.5 17.5 18.5
Omega/ 2Theta (deg)

B 42 (a) InGaN/GaN £ B FHEMNEIFHR /2 0 FH#E; (b) InGaN/GaN MQWs

LA SEM E.

Figure 4.2 (a) High-resolution omega/2theta scans of MQWs structures. (b) SEM images of

InGaN/GaN multiple quantum wells structure.

422 NXBE&H (PL) &

S — Intensity

PL intensity (a.u.)

0 i I N
400 420 440 460 480 500
Photon wavelength (nm)

M43 WESF AR PL %

Figure 4.3 The PL spectrum of the sample used in the experiment.
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FINE  [EHEAHETERNBED InGaN/GaN £ & T B K FH Hith

AT HHFRE MG, AT R BT TOBUROGIN, RARBR
PR 325 nm TRBOLE, BOCMEMRKIE LT EENSBIEMRRE, AN
LRI 4.3 fras. MNEFATUEN, B RE—ANROEA, 2T 445om, B
FHEREREBIEL I, FEELAIY 150m, HEMEFREELRRE, BETHRE
HB

423 RISNERRI NS

BT TR AR AR, S BOGERTTA I0-V & S&A0R P 38 RAR
FERBREITTIE[128]. RIFLMEEEIIL, HATE o WA SRS ikl
WIS AHEAREE . X TEEAHE EEKEK GaN, H N AT LR
ANTT TR R R AE s BTN IT 1A PAT T AR R R, TR BATAT LR BT )
RLAr ENE. FELMEEERHIRIRS, | XA ERT IR TS .

o =ce 4.1
Hep, o AN, c AER RAREEESRHKIKE, ¢ ANRREME. Bk
BRI RN

01 C1161 + Cip8; + Cy383

03 Ci261 + €118, + €383

o3 | _ | C13&1 + Ci38; + (3383

0 |= Carts 4.2)
0 C44€5

Hthay , s IRATEEAF AR, &, 05 HRETE ST A B AATE (42)
WEE, BN, & & BINE, o B THTRIBEMEAEKKITE, B
UHARZRIR, WU R ERRT %, EUETT o By IR, A
T, B, ALMEE o B BRAEET BLAE P B T L B R R

C13
&3 = ——— (81 + 82) (43)
C33

AUEN, MANRRITES c MM FAMER, JEE o BERENE
i, EARNARRIAKNE; R, & cBdyFIvKBARR, N NRR N
JEGERIAE . [REEAPIANTT R IRAEARSE, Ble; = &, M (4.3) KBIA:
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B, B /9 B T A B SR SR P O R

2C
B, (4.4)
C33

H, 2C,5/Caz TR LLRYIO®, 558 (4.4) RNETTRE (4.2), AR
FIEUAT AR AN N R 42 B 4

&3 = —

oy =03 = (C11 + Ci2 — )& (4.5)

i, Cpy + Cop — 252 Fop s iRy ior, [k, A SMINSASR GaN & ik

Ca3
ZER R I B AR S AR R TEAM IR S B 7 TR R A % 5l , BARRIU R
ZECRASHT, BN, MRZBESRNAER, B TEREN.

TEGMEE LT, AR SIS RS TR X B3R 55NN 5C R AT
LARIR N

Awyy = ax1(g; + &) + bas &3 (4.6)
Awg, = ag (&, + &) + bp1&3 T cpe[(&1 — ;)% + 4e3]M? 4.7)
Awg, = ag (& + &) + bpa&s T cpa[(&1 — £5)? + 4e2,]M? (4.8)

Hoh, BHFSHREMEERDREFEMER: (1D FRFENEHANE, B2
g # & HIEE (2) FEMBIVIR e, AR (4.5) - (47) FH ab,e 7Hl=XS
R FRERIBER . ZEFEANSR, HEAR (44 A 4.5 AR

ER=EARAK, M-

2Cy3
Awpp, = wpp — Wy = 2apn€x + bpp (“ Cas )51

- 2appCs3 = 2bppCy3 o | 4.9)
C33(Cyy + C12) — 2C5 !

_ yrbiax

= App " 07

Hrp Ph RAMBHERME T, KRR R L

ETFUEER, RAOTFIAR ST InGaN/GaN BT B 18 /7 7345 »
B 44 (a) RESIRFERE, HEREREFAS, RAKREE 7T UEH L
THMRLL, SMERRETE R B HIVLRE R & & BIE MBI M b, WRET e rit s
VRFE P E T ANERRL ST KN o BE S P 5 52 B 5 R1 A3 A0 R BRAT TR A A PR TR UK
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BIE  FERGETFEHEMEE InGaN/GaN % & F B AR #H

£ COMSOL 4.3a i+E 5%, W 4.4 (b) Fiz. WUEH, BERPHNHTE
B AERE] SRR A B HHIE K2 X 2mm? B KR, XN
5 — AN KB IB S EARERT, ke LW, NS 2 ISR AT i1
FRS, BENERINERBAN M. B 44 (b)) FrRBEEFTRESRERORNT
I AN 0.15GPa, XIFBABEME AL T UAZ BN ST, BET SRR
FIFSEREHEINE T Bt

FiR TARREEREG/ TSNS TR EEE 4.4 (o Bix, BH&E
SN B M TR I RABET SN IR, A REK, WA ERIBATRIG S
B AN A E . ELMRSE, GaN B Ex BRI B HIE M IENE
568.4cm. MEIFATLABI ENEL R, FEEIRETSENRE RGN, GaN i Exn
1 InGaN [ A; (LO) HERE MR ET B 5. RIEA/NTILEH 5 HE L HT
B, AEN SRR ESRR 18 B R BARST A B B8 BI[129-
130], WERL /) S5H EFEEE FRXENBHEZANRER R NI = 0 —
wo = KB 0,y HH0RMEIEENE, wo 567.5cm-1 GaN Hfk Eon A &
PLRIARAEMEL131], KR RORIUAN IR IR, o Rk GPa RRMIBRARIL
1. ERAH, BAVTRIILH T GaN # E2h R 8 6 H7IE AR InGaN )
A (LO) #xUhy 2 iE I EAL A RISMINR 77 984, W 4.4 (d) (e) Fimr.
BEE SMINRE A BB Ean BT 568.40m™ BEAIF 567.7 e, ARYEHL B i Oz
TIG AT RE, XX BT R4 R /1M 0.35GPa ZELE] 0.07GPa. 4.4 (e) B
NI mGaN §9 Al (LO) #5 InGaN & FBf  BI5R 4 B F753 2 5h IR BE IR
P BEEHSHIREM 0 N2 44 pm, IGaN HIEZEFRAN HM 5.30GPa LK E]
4.63GPa. B/ T IMERL 1B HiAME T InGaN FMEE &R HE S B 51 2 A A 30
RF[132]. BT &ML, InGaN B RIASHE B A 0.000%3% i 2
0.134%.
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Figure 4.4 (a) Schematic diagram of the Raman spectroscopy setup. (b) The stress distribution of
the sample induced by the applied stress was calculated by COMSOL. The magnitude of external
force is expressed in terms of the precession depth. (c) The dependence of Raman shift dn external
stress. The relative Raman shift Eop, phonon mode (d) and A; (LO) phonon mode () of the residual

stress in the InGaN/GaN MQWs under different precession depth.
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Figure 4.5 Schematic diagram of preparation of InGaN/GaN MQW solar cells.
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Figure 4.6 (a-d) SEM images illustrating the fabrication process of the solar cell with 2x2 mm?

mesa size. (e, f) The cross-sectional view of the actual device etched by ICP in (a) and (b), the

vertical depth is 5 um and 1um, respectively. (g, h) Partial top views of the electrodes in (¢) and (d),

respectively.
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Figure 4.7 Internal carrier distribution of the InGaN/GaN MQW solar cell under light irradiation.
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Figure 4.8 (a) J-V characteristics of InGaN/GaN MQWs solar cell under different illumination
intensities at 300 K. (b) P-V characteristics of the solar cell under different illumination intensities.
(¢) The Jsc and the Vo of the solar cell as a function of illumination intensities. (d) The conversion

efficiency (1) and the fill factor (FF) of the devices as a function of illumination intensities.
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Figure 4.9 Performances of the solar cell with various external applied sﬁains. (a J-v
characteristics of InGaN/GaN MQWs solar cell under AM 1.5G illumination at different external
applied strains. (b) P-V characteristics of the solar cell at different external applied strains. (c)
External strains dependence of the Jsc and the Voc. (d) External strains dependence of the solar

energy conversion efficiency (n) and the fill factor (FF).
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Figure 4.10 Mechanism of the InGaN/GaN MQWs solar cell modulated by piezo-phototronic
effect. The dashed line and solid line indicated schematic band diagram of the InGaN/GaN MQWs

structure with and without strain/pressure, respectively.
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Figure 4.11 (a) Calculated energy band profiles of GaN/InGaN/GaN heterostructure from top to
bottom under strain free and various straining conditions. (b) The enlarged Ev at GaN/InGaN
heterojunction interface as labeled in (a) with green rectangle. (c) The enlarged Ec at InGaN/GaN
heterojunction interface as labeled in (a) with red rectangle. (d) The electron wave function
distribution with and without strain (dark line), and the inset show the shifting peak position. (e)
The hole wave function distribution with and without strain (dark line), and the inset show the
shifting peak position. (f) The normalized square of spatial overlap of electron—hole wave functions
and the normalized experimental conversion efficiency of the solar cell under strain free and various

straining conditions.
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