£t

- FIEhR -

MRIFFES A TR

Nanostructured Thin Films and Coatings
Functional Properties

BRI

Sam Zhang

CRC Press -

@ Taylor & Francis Group 1 ‘ é& '%5 dz ﬂ\ ".j;

R KR 3 i



Functional Properties

oh K EE R AR A0 R )
ot e M

Sam Zhang
Ny
)]
o\
4 4 & K i



E=:01-2011-5019 &

This is an annotated version of

Nanostructured Thin Films and Coatings: Functional Properties

by Sam Zhang

ISBN.: 978-1-4200-9395-7

Copyright © 2010 by CRC Press

All rights reserved. Authorized Licensed Edition from English language edi-
tion published by CRC Press, Part of Taylor and Francis Group LLC.

No part of this publication may be reproduced or transmitted in any form or
by any means, electronic or mechanical, including photocopy, recording, or
any information storage and retrieval system, without permission in writing
from the publisher.

Licensed for sale in the Mainland of China only, booksellers found selling
this title outside the Mainland of China will be liable to prosecution
BN A B A3 AT 7 o B Kt i B P 4 5 b I A 1 L A A 5 i
ZREAERF

Copies of this book sold without a Taylor and Francis sticker on the cover

are unauthorized and illegal

A EHENEA Taylor and Francis /A B BihAR4E , ThrEH A5 E

B H /R4 B (CIP) ¥i8

YR L5 B AN 3% 2 - Th BB 4% #E = Nanostructured Thin Films and Coatings:
Functional Properties: #3C/ GHrint) sk s il 4m . —Jb a2 . BHE i iRat, 2011
ISBN 978-7-03-032136-7

I.0% 1.0 I OFXME-HE-EXQPKRME-BRE-HEX N.
DTB383

v B A B B 4E CIP $di#% 7 (2011) 58 170466 5
KA. EER/AEPH AEF
H@ikit . HF R IHhE

# 2 x ). QY H R
AR E IR 16 5
HRBL4RFS : 100717

http: //www. sciencep. com

RERARXRLAPHA BE G R
Rt K17 BB ERESE
20114E9 A% — KR FF4.787X1092 1/16

20114 9 A%E—KENRI  EN5K.28 1/4
E%:1—1 800 FH: 647 000
EH#r:128. 00 T
(AN ER e Jo B 7] B3, AL 7 TP



S =

TR R S A N TROR B VS IR AT, MRHEE B, BFouavt. FiR
BRE%. EE LED EAME. FRICR S5/, MEMS, {228, KXFHE MBI
REUHES, BREHEAR SR, & TR T3 R B al bk et
TEER, Hilt, FEEREFHKENEEMERAIF LS, IR EHEA LA
oREH, REEBRBERKEM.

1 Sam Zhang At R AT L K ILFE %S B Nanostructured Thin Films and Coat-
ings M, BH=MAR: IR (Nanostructured Thin Films and Coatings: Me-
chanical Properties; Nanostructured Thin Films and Coatings: Functional Proper-
ties) Whm 1 %I EHT BT FT R AT IR B vk 2 E AR ZEAUAR 1 BB AN Th BB BB O T A L
H, £=4M (Organic Nanostructured Thin Film Devices and Coatings for Clean
Energy) Wi BAETH A TA=EEREN A ISR,

LR, BEBEARSEREMBZHU—EZIAMNKXE, FEXFTERILD
.,
(D HERRE (EENEBCKBINKER, FEEZHILTMETFR), TUERL
YR — IS, HREARRLASMMREE/ M REE BN E BT B .

(2) FFHRIRUNE, AUATLAMRFES R IEA T2 ik, T EREE S AR
STB/N BEGEE F RN FE TSR E, MR SESF2EREFEZL
FHYEAE . FREWEE (UERBRMEXAIFEANEFL. EFR% HEARH
BRXRFRNEFGNARTFE.

(3) HESAHIRY ENSHEIEHANESIR SR, 5 TFERIEREY R EIELE
HERNLEYES. Eit, SEERRREYEMBE, H&&SReRES . ARG
EEMYRAE DFEK,

4) HFERNSATRBL NBFRER. B, SERS), #dEH<K
WA AT RO TR, EETLERIEMMENER; ATUE M E R, S8 &
SWMETE, E—MRFHT, BAIRGESRE. BE. SRETET A BKESHYRE.

(5) EEMR. BR. RMSHA. TIRKRENERE, TUMNAEEH. &RRE.
REE#HTER, EFHREEE, E4RMFRAEEWNREZES; hTEEREE
N, WETEDERIHIREEEE; & TE LSI TZHHENREAZEREEE
AHRANER, 85 TN A PHE .

(6) STEMBELRPELRRN, KNS IBEHTHEREHEKTE, EFX
Ak,

f Sam Zhang F 4 Nanostructured Thin Films and Coatings FH, ILHE T K 20
FERMEBAR 5 W BADRL TR AN W BT R, HEBFRESHBEERNRBR, £TFR
JUIATTTESE IR, §KIME.



(1) SRR E PRGN . JORBLERMPOREAR G IE Y AR NRE ER
HRAFER, AFETENIKE. —ERIKRER . “HRPKRE. =HRGORE AKX
B, #F. FORY . fRY, DIEIMbIRRER LGS . XA KA TR
SEREBF ST RIS BT PRI IR . JOKBLERPORBEAR N — N EER SR, ENER
MBHER RS FRES TRMGEOHMUREZR, BEEEXERNRERR.

(2) FEEHFVIRMEEMFIAEN L. RATHLRAEPIEEA H AR KRR
P, BIEAESRS, EEFRRET, SRR IR AT R RETRE GED.
BN, RSEEFEZREINE (UV) SRR S RIS, H2BR 7R
RERFUENE . SRR SRR P R 2 I SR TR GRIIE A B OB, el B
W, BWRE, B, SCABURRSREAR, Hbli TXEFRES/N, UETHRN
“ATEF”, EfREETA BN E KB TREULS B TR, RHRK.
DGR REEMRH M A RHEBUR B BN 7EAFOUH 2 AR TR A . Bk
MTERL R, WRR MBI S R R R R E RN R —.

) BERMMHHEER. A BRBFREZHEEATEY RER e SFHEEN
R, K EBARE WG B Y R AT EHE N BT A FHR UK. THLARHESE
%, eEFE. B, B, B B St %, URBAHES T E,
REBLE. REE. HFRBEZHR. WMLSHEE M FRARLEN KR SRR
MIGSE, BEBB TG K G5 M BT 728 Bl B Z AR AT R G0, X T0i8 B
BhaEE 2 N Tk B7F ) A BEDFER R AN . B0, @3 A4 o A B 95 R RE , # ek i
. FRFHERT AN —EHREEHARE, EHET RN, &F 4R
&, MTIFEMBAELAEARSHEAEERL. i TENMMmEOT. WAy
PERE, LARAEGUR IR SN R W FARE G ST, X ERRHI AP 2 AR
STREEEREE. KPP EARTRas. iy, vy, TR¥EML
F¥F.

(4) FRFMEERTE. SHRGHERS BT R T R T SER R
BARITE, MHBKRTHITENRSEIT R, T ESREARKER Bir2EIERATER
KAGFHIERR, T T ARG HIAE H A7 A0 19 5K 88 U 7E T 48 Ak 2 Bz B9 R 16 LA
WER AT LAERS ., BA . SSNEITFHT . RUYR—FMITRISHTHE
¥, ATLLREE. Bk, SEEBRENAS. ek AREe B @M &
ST REE W 9K G5 H D BE R ) — AP AR R R TR, X B I5 A=W
WARRETCEART KA. TBREEH R, FhXRTA>TR8RE, ATHE
B T BEFHIERR .

(5) TZM#, ETHELE™. RTERWYESMIIRZS, EELIHE T HK
BERE. BWRRE. mEETE k. XEITERNRMER G RAESMR T REL
ZHEHE, BARKES . BEREERERETRBAFHERN RS BRE, RXE
FXHERRE T & B, FHREEME. EELEARUSHERNE
AREFZSMHEERY (REREAY), GFERE. HE. 2. S48, SRR
R BHEREHE. WIRFARENART B E AN IR BB EOR A P R EE RN, H
AFEMEREES T, XMITENRBENES “BR”, MARZAFTLL 8587,



(6) Bm T/ MMM RS, FEdEILHESR, B/AREHEE, BIHaBk. A
KBk i/ gk E A AR RO, PO A R R A E M BB ARSI
NIRRT B0 36 T, B Se s 76 O I 15 4k . (R A8, M. REH RN 2 U
(SERS). ¥iEfrfk. Mgk KR, a7 Rk, 7%, MeaTFE ot
gt BALERRRS ., TR X PR LR, AL R, BT
WAL B R AR, R, UK. Sk, EYEREGEPHRAERA]
BIRLASK, HRE A2 BiR.

Sam Zhang Shanyong, ### & Sam Zhang, 1982 FEFAHRIL K% (FE L) 3%
BAR T2, 7E 1984 FE TR BB (FPE dbaD) REME TEM L%
B, 76 1991 SEF IR E K Gailid, BOREFEM KEMEFLEA0. b 2006
TR, FIBEHEB TR G YUMAmAs TS 2R #ER,

Zhang #2723 E Nanoscience and Nanotechnology Letters 2% i S 4mtE, B
523 E Journal of Materials Research #i T £ 4, [FRZEFEAE RV Z EHERH T
. fh7Esd 2 20 Frh FEL BB EMER R AMRIELRERES, B GREBF
R AR ERAEYNRE, A FHEMEREERRES.

APBZEHEERAHFSH . WhlEr, PE. ErtfmE, 2L EEH. QPE.
HE. . 68 (PED. 2. KEMERE. /ERPFR SRR TIREPRA
B, AfiTErE RSk . NEIFR . BHNSERRAAEENSENE. XAFHH
WAETS2E, MUEEEARHATTEN FANRERE, BaRFEESETRNBIRITE
FoT kR B vk, Frhifas 5] YEE A SR R IhRERE AR . G HAEH SRR 4
BHMNH., BrhthadRER. R, BRFE, XEGBTHRIET LI AR X —R
R R A 2T T AR .

XEMABHBRKFSAET, (EEEENFREZRTHANTEMEROTE: TH
ATTERG, XEFMTURAELSMBEMR. WAFENEBA; X FLIKRI,
XEFMESE. £, BR%, BUEFB TR TENEHER .

AIERGE, 21 HERYRBARMEAD . NEMEXL L, W#EXHE. BlEmi
R R RO EHEAXHE—NE, #15 “Bol” —EMEUBER DI RS E#E — 15
R EBALRE . FEEPARBEMPOREARH L, AR BB AR E
BE TR MR . BARTAEEHBIT M TREAGHE RPN, WEmELEAN
HEEW, KW kmgeka gy, FOL. ZEAYEH . TRFAR. KHEBEMIKSEH /N
RIS ELSE, WREARZIENA X 4 Y, EEEFEEMATERNIER. XEQ
=ML T S90RBEMPURE AR M RGN, HEMRENEHLE. &
B R AL T BT RS, R ARSFZRYFEERES, BRENMEES
W & Rt BTk .

KK
HRERFHRMEL 1424



i

]

ATEBSE, 21 HHERGRBEARM L. AEME X LY, MR, BEmE
REERELBEAXE—NIE, 15 “BOR” —AXELERMARERE — 5
SR EHEARLRE . FEENKFEMPRBARBHES, HEREAFL U &
Rl TEE MR . BARTAEEBFRMTRARGE™ R, wEmELTEAN
HEAR, K Rmpkszs. FH. ZEAYEE. TRFAR. KHERMEKSHE/N
RZRES, WEAMREEAXEGEYT, BEFEFEENATERNEM. XEQ
=5 AB R B K RICEE SHARPHEMPOR AR XK S, HRMREN A
R, UMERME—ENFHFRES, (BRARSEMRFEEET, HABRBER MY
W2z,

XEHR =MMHEARRA S, (GURGSHEERMERZFM), a2 & =,
F—aME 11 %, FHHEEBEMRERFEE GEE. Bitk. BENS, T
2. HRE. B, DIREARES TR TS, SEAMAWT. $1E, EEA
BERAKE AR R R RS ER; 562 5, ¥REENEENKQINHEE; 53
T, WEHAOEMAENERE: FRAARAR A B4 E, BERAKEEH
FREBMRH IR 565 5, miRAREREERERZINARE SRR R K6
R ERE; 56 6 &, MRPOKRNH MR TR IIRMGRE: 875, RIS
WEMBAFTIR: W&, AN A; %8 =, SRARE: NI rsM; 59
=, ERSKERE; F 105, dESREAMYENNKRZIZRZE RN H B @ EE
AR EGRE; B 11 E, FETERSYHER: NIRKRERSREIERRER
SRt

WA 8 B, RETINRRRHE, WOt . BFAMa e, DKM
PERIRLA : 56 1 3, ARL@ R GO S B0 AR R A R R I S T 58
2 &, SICHOKREH/PRESHPRERE G EMRA; 6 3 2, REFRE SR H
BHRL; 5645, KA SIO; Z2EFRIESR BEDEFFEHE T28ME; 5 &, i
AJEG SIO, MRPRREAOK R R EYERE; 26 6 3, WREEREE NN KL
REAPERRAINLA . S SUR; 26 7 53, WERM/RRGWHEME; 88 &, MAK
DAL OEL 332 VS Tol v e N

B = MR HER THERENAVIGORSWHRAGREZ, a6 &, 250
BHTHERENAVIEER., &, RENHERMER. %15, ETRAZLEEM
BHAERE R P ; 26 2 3, PHARILALER A — S ALBRGKE W5 B HAE YU RHEUIL K P
WA HIRA; 26 3 5, BEAUREMEDGIRM AR Pk 6 4 %, FAFHRLAER
FPEGORE SRR ; 28 5 B, WRJEHOR B A IR A A P R e 3 A4
s 5% 6 8, HTEBAFMERPORRER DL T,

XEMNBHBRFRET, (FESENFNZERETHANTENLEROTEE. X TH



ATTERU, XEFMATLRAEL LB RR, B FENREA; X TEEKRH,
XEFMELE. £, BF%E, BREGBTMAMNAR TENERFRELE. REOHFELS
B 58 X —ffi i .

APRBEREERBIHASH . AR, fE, #ExtiE, Rk, EE. BPE.
HE. Fndk. 88 (PED. fazt, EEMEE. 1R T BT S0 5T SR I B T
REMFTANG, XEAVEE BRTRIEF IR . EhgiE, R4 &R 5
L BETHRE . RAUHBREIBLEZRAEE, BEFRARBHAENTNER
A——H TFIHBHEERFE RSB AT TEMER, FE2EVHE LA &4 B8
Z, ATHRIEXEETHRSRE, BI 50 NFRA (ELEEWRL) 0 HO0#K
BT EERETT, A T R EMEREMRITEN, XERWESIETEMNTE, R
BRIEE——FH A XEHERANEGERS, BRIEFEMERISHIIE XSS NE
RARBOHBG . BE, BB CRC HRAMIFLZ 5 T, #5012 Taylor & Francis
#H# Allison Shatkin 11 Jennifer Ahringer, E2M12RKTIE, R BEFAMEERLL
AR ITA H R A AT

Sam Zhang
ik



w &

Sam Zhang Shanyong, ###R& Sam Zhang, 1982 4EF &b K (HE W) 3K
BAPR TR0, 7F 1984 E TR R A (PE Jt5) KEME TEM L%
fi, 76 1991 SEFRTRE K2 (Filidh, BATREM REMEF L0, i 2006
TG, EPEEFEETRE G YURMNE TR 2R .

Zhang HIZITE = EE Nanoscience and Nanotechnology Letters 245K B4, BRE
Journal of Materials Research AT F B 448, FIEEZBFENENVFE E IR TI9EE .
et % 20 Fh FEL RS HIRFIBMRIELRIRES, MEIGREIBTFEIT HH
LR EMAYRE, A FHEMEREEIRES. MESmENEERFTUR
WFoE s B A 9 E R TIOCE 200 R, ARIBET 14 WAL, FRNESGE Sru-
face and Coatings Technology and Thin Solid Films ¥ 9 e8I, ERIXAFMAEN, b
BELEERGEHBR T AEH I EABRHZUT): CRC Handbook of Nanocompos-
ite Films and Coatings: Vol. 1, Nanocomposite Films and Coatings: Mechanical Proper-
ties; Vol. 2, Nanocomposite Films and Coatings: Functional Properties; Vol. 3, Organic
Nanostructured Film Devices and Coatings for Clean Energy, and Materials Characteriza-
tion Techniques (P Sam Zhang, Lin Li, Ashok Kumar 432, CRC Press/Taylor & Francis
Group T 2008 4E Hi i) ; Nanocomposite Films and Coatings— Processing, Properties and
Per formance (i Sam Zhang F1 Nasar Ali 448, FZEA) Imperial College Press F 2007 4
W), F1 CRC Handbook o f Biological and Biomedical Coatings (CRC Press/Taylor & Fran-
cis Group F 2010 H i) .

Zhang EEEZEEME. TYLLERT BRI —LHR G, 2 EB#EEEY)
R — B RE I, [FBHRWL RS Mg /RIES AR B (9 & R HZ . fh7E 2007 4
% 1 A Who's Who in Engineering Singapore F 82 2|3, tHWIESE 26 FI15E 27 LAY
Who’s Who in the World 842 83F, M 1998 4EFF4f, Zhang HEMAHH A A, £
H. &xEH. mF. #8, PE. 35T . U ABEESFEXERESHEEER
W RS . SN AR . SREE. MET . XEUEPEAMSL
MARZEHTESIVE . PRTBEURESE,

Zhang FIRHAR T ZREFRZW, MEER 10 REWHFFE . 12 REWHWARZE
REMAM 6 KEWHERBR SR . B Zhang HPREHEMHHALHAT,
Thin Films RS (MR THBELIRARERARFERVERESTD S258EM
2002 4EE 70 AGKEI T 2008 4EH9 800 N . BRAEZ S VUE BTN 8 Wi B TiE 3 .

Zhang FHRIAER T EH— MR BUFBBIE , I HHEE S EFF kL2 Tk a8
BB . Zhang #ARWAEF MG . U], BT, FE. SCEUKHAREFLZHR
WA /BRI 2 R EER . LR T Zhang FAZRIBE LA K H IR 75 T B9 B0k AT LAS: )4
BN AER: http://www. ntu. edu. sg/home/msyzhang,



e = T L ST el s

Preface

The twenty-first century is said to be the century of nanotechnologies. In a way, it is. The develop-
ment of science and technology has come to a stage where “microscopic” is no longer enough to
properly describe or depict a scientific phenomenon or a technological process. With the advance of
nanoscience and nanotechnology, the world technological landscape changes not only affect the way
scientists do research, technologists carry out development, and engineers manufacture products,
but also the way ordinary people go about their daily life, through, for instance, nanomedicine, cell
phones, controlled drug delivery, no-pain operations, solar cell-powered gadgets, etc. Thin films
and coatings play a very important and indispensable role in all of these. This three-volume book set
aims to capture the development in the films and coatings area in relation to nanoscience and nano-
technology so as to provide a timely handbook series for researchers to refer to and for newcomers
to learn from, and thus contribute to the advancement of the technology.

The three-volume book set, Handbook of Nanostructured Thin Films and Coatings, has 25 chap-
ters where 11 chapters in volume 1 concentrate on the mechanical properties (hardness, toughness,
adhesion, etc.) of thin films and coatings, including processing, properties, and performance, as well
as a detailed analysis of theories and size effect, etc., as listed here: Chapter 1, The Fundamentals of
Hard and Superhard Nanocomposites and Heterostructures; Chapter 2, Determination of Hardness
and Modulus of Thin Films; Chapter 3, Fracture Toughness and Interfacial Adhesion Strength
of Thin Films: Indentation and Scratch Experiments and Analysis; Chapter 4, Toughness and
Toughening of Hard Nanocomposite Coatings; Chapter 5, Processing and Mechanical Properties of
Hybrid Sol-Gel- Derived Nanocomposite Coatings; Chapter 6, Using Nanomechanics to Optimize
Coatings for Cutting Tools; Chapter 7, Electrolytic Deposition of Nanocomposite Coatings:
Processing, Properties, and Applications; Chapter 8, Diamond Coatings: The Industrial Perspective;
Chapter 9, Amorphous Carbon Coatings; Chapter 10, Transition Metal Nitride-Based Nanolayered
Multilayer Coatings and Nanocomposite Coatings as Novel Superhard Materials; and Chapter 11,
Plasma Polymer Films: From Nanoscale Synthesis to Macroscale Functionality.

Volume 2 contains eight chapters focusing on functional properties, i.e., optical, electronic, and
electrical properties, and the related devices and applications: Chapter 1, Large-Scale Fabrication
of Functional Thin Films with Nanoarchitecture via Chemical Routes; Chapter 2, Fabrication
and Characterization of SiC Nanostructured/Nanocomposite Films; Chapter 3, Low-Dimensional
Nanocomposite Fabrication and its Applications; Chapter 4, Optical and Optoelectronic Properties
of Silicon Nanocrystals Embedded in SiO, Matrix; Chapter 5, Electrical Properties of Silicon
Nanocrystals Embedded in Amorphous SiO, Films; Chapter 6, Properties and Applications of
Sol-Gel-Derived Nanostructured Thin Films: Optical Aspects; Chapter 7, Controllably Micro/
Nanostructured Films and Devices; and Chapter 8, Thin Film Shape Memory Alloy for Microsystem
Applications.

Volume 3 focuses on organic nanostructured thin-film devices and coatings for clean energy with
six chapters discussing the processing and properties of organic thin films, devices, and coatings
for clean energy applications: Chapter 1, Thin Film Solar Cells Based on the Use of Polycrystalline
Thin Film Materials; Chapter 2, Anodized Titania Nanotube Array and its Application in Dye-
Sensitized Solar Cells; Chapter 3, Progress and Challenges of Photovoltaic Applications of
Silicon Nanocrystalline Materials; Chapter 4, Semiconductive Nanocomposite Films for Clean
Environment; Chapter 5, Thin Coating Technologies and Applications in High-Temperature Solid
Oxide Fuel Cells; and Chapter 6, Nanoscale Organic Molecular Thin Films for Information Memory
Applications.

vii
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A striking feature of these books is that both novice and experts have been considered while
they were written: the chapters are written in such a way that for newcomers in the relevant field,
the handbooks would serve as an introduction and a stepping stone to enter the field with least
confusion, while for the experts, the handbooks would provide up-to-date information through the
figures, tables, and images that could assist their research. I sincerely hope this aim is achieved.

The chapter authors come from all over the globe: Belgium, China, the Czech Republic, Egypt,
Germany, India, Korea, Singapore, Taiwan, the Netherlands, the United Kingdom, and the United
States. Being top researchers at the forefront of their relevant research fields, naturally, all the con-
tributors are very busy. As editor, I am very grateful that they all made special efforts to ensure
timely response and progress of their respective chapters. I am extremely indebted to many people
who accepted my request and acted as reviewers for all the chapters—as the nature of the writing is
to cater to both novice and experts, the chapters are inevitably lengthy. To ensure the highest qual-
ity of the chapters, more than 50 reviewers (at least two per chapter) painstakingly went through all
the chapters and came out with sincere and frank criticism and suggestions that helped make the
chapters complete. Though I am not able to list all the names, I would like to take this opportunity
to say a big thank you to all of them. Last but not least, I would like to convey my gratitude to many
CRC Press staff, especially Allison Shatkin and Jennifer Ahringer at Taylor & Francis Group, for
their invaluable assistance rendered to me throughout the entire endeavor that made the smooth
publication of the handbook set a reality.

Sam Zhang
Singapore
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