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Abstract

Recently, optoelectronic devices such as LED, smart phones,and wearable
intelligent devices have been widely used in our daily life, however, several
unresolvedcritical problems still hinder their further development due to the limitation
by traditional technology. One of them is the transparent electrodes (TEs), which
plays an important role in the construction of optoelectronicdevices. Uptodate, TE
materials for deep ultraviolet (DUV) region still rarely exist. Traditional electrode
material, ITO, because of its scarcity, high cost and other issues, exploration for novel
broad-spectrum TEs materials become the main target in the past decades. Cu
nanowires (Cu NWs) have been regarded as the next generation of TEs due to their
excellent performance and low cost. Nevertheless, Cu NWs still face some key
challenges: stability, compatibility and expansibility. In view of these issues, our work
in this thesis, three aspects were studied thoroughly, including the core-shell Cu silks
(NSs) synthesis, the fabrication of Cu NSs based DUV LED (LED) and the other
emerging applications with superfine CuNSs. We have developed several new
techniques, and important approaches have heen achieved.

Firstly, we proposed and achieved multi-metal coated Cu core-shell NSs
synthesis technology and system. One-pot liquid phase method is employed to prepare
superfine Cu@M (M=Ni, Zn, V, Ti, Ag, Pt) core-shell NSs with ultra-high aspect ratio
(> 1600) and ultra-smooth (<1 nm) surface. The fabricated core-shell Cu@M NSs
TEs possessed excellent photoelectric properties (T > 93%, Rs ~ 50-90 Q sq™*, FOM ~
81-111), which are the best results ever reporte.With the precise controlling of the
shell thickness via adjusting the reactants molar ratio, the antioxidant abilityof Cu@M
NSs has been greatly improved even at extreme environments. Meanwhile, the
outstanding mechanical stability of Cu@M NSs inbending, twisting and stretching
experiments were completely demonstrated that the Cu@M NSs are able to satisfy the

demands for intelligent flexible products.



Secondly, we achieved thefabrication of fully transparent DUV-LED with Cu
NSs based ohmic electrode. Importantly, the tunable work function of Cu@M NSs
transparent electrodes were obtained by multi-metal shell coating technique. Then, a
"copper foil capsule™ annealing method was proposed for achieving ohmic type
contact to high-aluminum component p-type Alp4GagssN with Cu@Ni NSs
transparent electrodes. After this, we used MOCVD system to epitaxially grow
p-GaN-free structure of DUV LED wafer, and fabricated the first fully transparent
DUV -LED chips (285 nm) with Cu@Ni NSs TEs in the worid. Ultimately, the
DUV-LED chips on board was successfully lit with bright emission and possess
excellent light transmission. To summarize, we have successfully solved the difficulty
to achieve ohmic contact to high-aluminum component p-type AlGaN, and provide an
original thinking to search promising TEs materials for deep ultraviolet devices.

Thirdly, We accomplished the applications of Cu@M NSs in several intelligent
flexible devices, such as LED dimmer, transparent anti-frost& defogger heater and
colorfulintelligent conductive textile thread. (1) Based on the metal or alloy coated Cu
NSs,a high elasticity, transparent, simple, stable, and environmental compatable LED
dimmer film was fabricated via thepost treatment technology with acid and low
temperature annealing. (2) The Cu@Ni NSs transparentanti-frost& defogger
heaterfilm with high transmittance (> 80%) was prepared. The Cu@Ni NSs
transparent heater could operate in a low voltage (< 5 V)and remove moisture within
90 seconds in a rapid heating model. Therefore this new transparentanti-frost&
defogger heater could be widely appliedto defogging for automotive front windshield,
intelligent clothing heating and other fields. (3) The Cu@Ag NSs conductive
networks based colorful conductive textile threads were prepared by liquid-phase
dipping method. The colorful conductive threads possess excellent transparency and
electric conductivity of only 2 Q/cm. Furthermore, the colorful conductive threads
were applied to intelligent lighting apparel and intelligent heating apparel

successfully.



The research achievements of this workprovide key technologies and data, which
arises new concepts and methods for exploring of novel type of optoelectronic
devices.

Key words: Transparent electrode; Core-shell Cu NSs; DUV LED; Dimmer;

Transparent heating film; Conductive thread






g = T 1
0 =1 =TT 1
1.2 FBLERRERHRIBFETTIIR oo 3
1.3 Cu PR L IBRREBARBITFTTINIR ..o 7
LA TBITHEZR ..ottt e 11

BE LWHESRIEBR .o 13
AN S ML 5~ 13

2.1.1 GBI BRI AR oo 13
2.1.2 IR AR ITR(LPCVD) RS 3 e, 14
2.1.3 ERAEHALZESHTIR(IMOCVD) ..o, 16
22 FRAERETR oo 17
2.2 BRI oo 17
2.2.2 R T BB (SEM) BB 3 18
223 BEHETHREASENE FEMBIFIBRTEM S 20
2.2.4 X SR ATH AT LA OIRD)) .o 22
2.2.5 X P GHL T RERE AT AR (XPS) oo, 23
2.2.6 AN EHL T AL AT AR UPS) T e, 24
2.2.7 ST I B ARM)EE A e, 25
2.2.8 EEHNAT WAF G T (UVEVIS)PE 32 e, 26
2.2.9 DUFREFEIITT D oo 27
2.2.20 HLBUR GHEAR(EL)PY oot 28
2.2.11 LTAMMRAB T REE ST e 29

BZE —HEHEEREENEREM CuPMKL. . 30
351 =TT 30
=5 RO AT, 324 0 k= - AR 32

3.2.1 &JBAIRLKATLL(L/D)RT HOGHRFE IR oo, 32
3.2.2 BEKAREL CU KL B v 35
3.2.3 KA Cu 9K 22 W 2532 B AR I 1) 36 S RAE oo 40
3.3 —$REHIE CUOM BEBLEMIKLL ..., 46
3.3.1 —HEHE Cu@M A S5 K B BT oo, 46
3.3.2 Cu@M AL PR LL IR 5 TE R RAE oo 49
3.4 Cu@M KL LR IZRRERARBIMERERRAE ... 54

VIl



3.4.1 CU@M UK AN ZEFETEMEZEAE oot 54

3.4.2 CU@M KL HUBEIR T FRAE oo, 56

3.4.3 Cu@M oK 2235 B R RO FEUARFVE R AE oo 57

B D N e 60
BIUE ZFEEHE Cu PRLIZRARREBERANFEINLED ............... 61
11— 61

4.2 5 Al 4A43 p BY AlGaN BREBEEARAISEIR ...oooovvcci s, 63
421 & E-2 SRR FE A BN e 63

4.2.2 CU@M K 2237 B FEAR Dy BR AT T L v 65

4.2.3 CU@M K 22375 W AR IRR AR5 A PR S I, B Bl 422 ik FELFH 22 (X U ... 68

4.3 Cu@Ni oK 22 ZRARR PR AR R SRS LED BIBIESRAE ..o 74
I NN I It <3 1 R 74

4.3.2 ZREEA LED 38 v Sz B ERAR IR TH S B8 e 76

433 EIEWIRLE AN LED HIEHEFME oo 79

BA TINGE oo ettt ettt 81
BHE CuBEBARLZEHMBTBHIRMASTE s 82
30 - 11— TR 82

5.2 Cu BEKLLIBRASEEEEITIRE ..o 83
5.2.1 LED VM8 AR I TT B oo 83

5.2.2 Cu FgR 2235 I IR YR IR S R oo 85

5.3 Cu BEAKLLIEFEENERERNEESRM ..o 88
5.3.1 W IEHUREBR 55 8 BIBFFEIAR oo, 88

5.3.2 Cu FEGHK 2237 B BT R B 55 25 B 4 SPERERAE oo 90

5.4 CuBAKRLFEEIELILL e, 93
5.4.1 SHYT B ARIITE R oo 93

5.4.2 CU@AG 0 F LT LRI AL oo, 95

5.4.3 B0 G HYTLURIE R BEMRIE LI oo 97

D D I G et 99
=l = ) - RS 101
e vl TSP S TR RS TR 104
MR A A B FRAUI T oo, 119
B ettt e ettt ee e e eranes 122

VIl



Contents

Chapter L Preface.......ccoco oottt 1
IO 14 oo [N od o] [ SOOI ORROR 1
1.2 Recent research of transparent electrodes...........cccooovvvieiieii e 3
1.3 Recent progress of Cu nanowires transparent electrodes ............cccoceeveivennnns 7
1.4 THESIS SEFUCTUIE ...ttt ettt nr e nnes 11

Chapter 2 Experimental methods &characterization techniques.......... 13
2.1 Experimental Methods.........cccvooiiiiiieie e 13

2.1.1Synthesis of NAaNOMALErialS ...........ccooveiiieiiiii e 13
2.1.2Low pressure chemicalvapor depositiont> ! .. s 14
2.1.3Metal-origanic chemical vapor deposition...........ccccccvveveiveeieesesieeseenne 16
2.2 Characterization teChNIQUES ...........ccoiiiiieiienie i 17
2.2.1 Optical MICTOSCOPE ..c.vveveeieciee ettt e e e 17
2.2.2 Scanning electron microscopel® 3 e 18
2.2.3 Focus ion beam and transmission electron microscopel™*3.................. 20
2.2.4 X-ray diffraction P ..ot 22
2.2.5 X-ray photonelectron SPECIIOSCOPY ....cvvevveieeiieeiiiiiesieeiiesee e sie e 23
2.2.6 Ultraviolet photoelectron spectroscopy™™..........ccovvvvrvoveoieeeeeseeeene. 24
2.2.7 Atom force mMicrosCoPel®® 4. ... .ot 25
2.2.8 Ultraviolet-visible spectrophotometry™ 52 .o, 26
2.2.9 Square resistance measurement™ ..., 27
2.2.10 Electroluminescencel® ..o 28
2.2.11 Infrade thermal imaging technology™®® > ..o, 29

Chapter 3 One-pot synthesis of metal coated core-shell Cu NSs ........... 30
3L INTOTUCTION. ...ttt ettt enes 30
3.2 Synthesis of high quality Cu NS........cccccoi i 32

3.2.1 The influence of aspect ratio to NWs optoelectronic performance ....... 32
3.2.2 Preparation of high aspect ratio Cu NSS........ccccceveveiiicie e, 35
3.2.3 Fabrication of high quality Cu NSs network electrode..............cccccoveeneee. 40
3.3 One-pot synthesis of Cu@M core-shell NSS.........cccccovvevviieicniee e 46
3.3.1 The mechansim of metal coating Cu NSs reaction............ccccccvevveiveenen. 46
3.3.2 Structure and element characterization of CU@M NSS..........cocccvvvvveeeenn. 49
3.4 Optoelectronic performance characterization of Cu@M NSs............c......... 54
3.4.1 Stability characterization of CU@M NSS.........ccccccveviieiiieiieiiec e, 54

IX



3.4.2 Mechanical strength characterization of CU@M NSS .........ccccccvvvieivennnne 56

3.4.3 Optoelectronic performance characterization of Cu@M NSs................. 57

3.5 CONCIUSION .. bbb 60
Chapter 4 Core-shell Cu NSs transparent ohmic electrode DUV LED. 61
A1 INEFOTUCTION ...ttt 61

4.2 Achievement of ohmic contact to high Al component p-AlGaN ................... 63
4.2.1 Introduction of ohmic contact® ..o 63

4.2.2 Fabrication of tunable work function transparent electrodes................... 65

4.2.3 Achievement of ohmic contact and measurement of specific contact

(R 15 LY7o SRR 68

4.3 Fabrication and characterization of Cu@Ni NSs fully transparent
ElECTrOdE DUV LED ..ottt b 74
4.3.1 Manufacture of DUV LED Wafer ........ccccooviviiiiinininiieee s 74
4.3.2 Manufacture and design of DUV LED chips transparent electrode ........ 76
4.3.3 Optoelectronic properties of Cu@Ni NSs based DUV LED.................... 79
4.4 CONCIUSION ..ottt ettt et bbb reene e 81
Chapter 5 Development and application of CU@M NSs..........ccceveeeee. 82
T8 A 1 011 0o [ Tod [ OSSR 82
5.2 Cu NSs based transparent LED dimmer ........c.cccoocevievieiciicve e 83
5.2.1 Background of LED diMmEer ........ccooiiiiiiiiiiisceeeee e 83
5.2.2 Design and application of Cu@Ti NSs LED dimmer...........cccccoevvvrvennnne 85
5.3 Cu NSs based transparent anti-frost & defogging heater ................ccccoc....... 88
5.3.1 Progress of transparent anti-frost & defogging heater.............ccccocvvvenns 88
5.3.2 Fabrication and characterization of Cu@Ni NSs transparent heater ....... 90
5.4 Cu NSs based conductive colorful textile line...........ccooeveveieieiiicniiee 93
5.4.1 Backgroud of conductive textile line...........ccocooviiiiiiiiiis 93

5.4.2 Fabrication Cu@Ag NSs based transparent conductive colorful textile

LI bbbt ne e 95

5.4.3 Application of conductive textile line to intelligent apparel .................... 97

Lo TESJOo] o 1115 o] o SR 99
Chapter 6 Summary and Perspective .........cccocvevereiienieieeseene e, 101
e =] =] (o= PR P 104
Appendix (PUDHCALIONS) ..o 119
ACKNOWIBGEMENTS.......oiiiiii et 122



1.1 5|8

FHERAHEZN 95 N R s F 5 )y, IEATE “RHERE 4717 .
PRI, o] o SRR R i 8 R, DUR R BARRHE RS2 TH 5 [ 7 2t 57 4% [ O
fE . 1955 T 20 HEC BRI R, DUE 7B g RaE, HEE 17 AT
SEGRE I EE, (AR SENEHH 21 A E B, s BRI R
K, A5 BAHR B B o i & — AN E FORE 5 R A E 248 bR . LUE1E.
HIBM . FEACARERIE RS R R AU T 20 Tk ki
ST EAR . ZAFKMYE, P RAOGE T RN Wl R R 4G5 ARG R
. BRE. B SORE, Rk, 21 20 SRR 6 B TR AR
HH THEARR —TTULR T /1N, SEEHAR S BT #HEARE %, |
T RN MRS T8 EBHEAR . BAGHE T HAR R — MR
BEL BRI BCSEF I TR, AR AR R U AR TR e B AR, AT
HITEI TEZIAFEAT FIX — R, LED HRBT. B BETHL. S s v FaAl
BEEF R ST % LR, SR THEARCHNTZ T, SR H AR
BEARD, BB LA AR R R R AR

FORHE = SR 55 B R BT AR E SR A R GaN L RO iR
(LED)AFF 7840380 1 i HE (0 58 A DTR RS T 2014 4 i DURMER 223, s ol o — i
BRI AL AR MR BCN T RE, IENRiJF LED MRS A S
IR . ARG R RETERR T A BERE, R RIDE mnd B w5
JE & LED KERLARES . KL, %R E %K AlGaN (3.5 ~ 6.2 eV) J:i]
RIS EIR SN LED, HILAEAARERIN. REHE. REWEL. JE0E
IR 1 R S A 0 LA K P A, S SR T S 2 BRI 2 B 5
TAEH IR

SIGRIS, SPAR R R BEAR B PO R AE & A 5 T S A AT A T =
MFOGHEFI) LED |75 KB4, BRIF &R FHACEAR B, SRR

1



NP 2 e AT

TAEATE . Hageih, ERAPERIE ST, 204 80%KH T Wk, W W&
NP BATEINNUE B A 1 LB IRIE, geAr oy e (5 B I AR gl 7,
B G LT HEOR AT A i, DL BE 2 580 s BE & W ARGR ISR M HL 17 iy BV A
BoR . ARRREE PG ET — R Ry, AR A L) SR AT R

—

B 11 SR T BRI R, )RR, )ER s, ()RR
e it L,

e B R P ER AR, o KOG (W1 LED. WULHRSE) bR RN
 Cm s R B A NLRVE SR B A R oR BE ) , aE B AR R R AR R
e FR TR T R A S A Y. g o e AR TR L BE T 4% S IR ST B Y
REIRVE R, AT R 2 OB T 2RI R PEEER, Bilin LED (M, filds Bon bt
) AR R 53 I R, KRR AE FIb i OR S, k7 BEAN (%) i3 5 R RAE
9 AR i B AN S, B AT L R AE IS R A
Gl (1ITO), HAHMFGHI R, ESERHET (T290%) JFH RN 10
Q sq M, (HRBEE G H T2 EAEVERE IR 2, 1TO T I APk At H 7 28
. HY, ITO fERH K (400 nm<)fALEE I RACH Al &, R HAE R, an
41 LED J 1 10 57 FH 82 217 28 BRI T2 131 vk, 4088 (08 81 (0.05 ppm) B i
& T2 AE15 ITO B ks AL 55 51($600 Kg ™o i, 1TO J&— b etk i
FIdRL, BETT S RE, TCVERLH T R i WOf S — R AR . IR AR DL
B FEE o P 0T 28328 ) FRAT L AL A 92 SR R BT R A5

2



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

