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ABSTRACT

Research on ZnO has generated great interests in recent years for its promising
versatile applications in optoelectronics, transparent conducting materials, sensors
and biomedical sciences, especially on short wavelength light-emitting, UV lasing,
due to its wide direct gap of 3.37eV, large exciton binding energy of 60 meV at room
temperature. However, one important problem should be overcome before ZnO
could potentially make inroads into the world of optoelectronics devices: the growth
of p-type-conductivity ZnQ crystals. Inspite of many decades of investigations, some
of the basic properties of ZnO still remain unclear. For example, the nature of the
residual n-type conductivity in undoped ZnO films, whether being due to impurities
of some native defect or defects, is still under some degree of debate. Interpretations
of PL and Raman spectra are still a subject of debates due to the complexity of ZnO
microstructure. Therefore, the fabrication of ZnO nanostructures to investigate their
RRS and PL spectra is very important.

There is an increasing interest in three-dimensional (3D} ordered nanostructures
due to their growing applications in separations, sensors, catalysisand bioscience,
especially in photonic crystals (PCs). Photonic crystals, characterized by a
periodically refractive index varying on lengths of the order of the light wavelength,
can result in a photonic band-gap that blocks certain frequencies of photons. With
controllable defects, photonic crystals have the ability to control the flow of light,
which has gained a huge interest for possible applications: such as efficient
coflimators and all-optical microchips. Photonic crystals also provide an environment
that strongly modifies the vacuum fluctuations and has novel influences on optical
behaviors of emitting species embedded in photonic crystals. The study of this effect
requires efficient emission in the medium and a photonic band gap (PBG) that
overlaps the emission spectrum, PC composite materials are currently atiracting much
attention for their possible applications, and the physics associated with the
interaction between their framework and electromagnetic radiation

Template methods using colloidal crystals such as silica and polystyrene (PS)

v
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provide a simple and effective route for fabricating 3D ordered materials. In the last
few years, various types of ordered composite material and ordered porous material
have been synthesized using SiO, opal and PS opal. Although the fabrication of 3D
ordered materials has been widely explored, there is stiil dearth of the systematical
investigation of optical properties of these materials.

Disorder is always present in artificial PC structures and causes considerable
random scattering which strongly influences the optical spectra. However, current
research is mainly focused on fabrication and optical characterization of stop-bands
and there are only a few experimental reports concerning the effect of random
scattering

The aim of this work is to prepare ZnO-based three-dimensional ordered
nanostructures by template methods using colloidal crystals and to investigate the
effects of the ordered nanostructures on optical performance in these systems. The
combination of a PCs structure and efficient emission of ZnO promises potential
applications in in optoelectronics. Our works are as follows:

1. We successfully synthesized ZnO-based three-dimensional ordered composite
materials using Si0Oz-opal template and polystyrene (PS)-opal template.

2. The UV PL peak of ZnO films with ordered nanostructures exhibit more
significant red-shift and broadening than that of compact ZnO nanocrystal film
with increasing excitation power, which is due to the stronger local heating
effect in ordered ZnO nanostructures. A simple model based on laser heating
effects is used to analyze UV PL of ZnO films, which agrees well with the
experiment data. It was found that the electron-phonon coupling strengths
determined by the ratio of second- to firstorder Raman scattering cross sections
from the resonant Raman spectra agree with that determined by laser heating
effects from PL spectra, which provides further evidence that our analyses are
feasible.

3. We have investigated resonant Raman scattering (RRS) and
photoluminescence of ZnO inverse opal prepared by electrodeposition. The
intensities of both 577 cm- 1 Raman scattering and green emission get weaker

v
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after aging or UV laser irradiation, The RRS and green emission intensities are
highly correlated for different samples, regardless of the means of sample
treatment. According to the deposition-temperature and annealing-temperature
dependences, we propose that the origins of the two peaks are related to surface
hydroxide.

. We investigated the optical properties of 3D-ordered ZnO nanostructure using
temperature-dependent and power-dependent photoluminescence (PL) spectra.
Compared with compact ZnO film also prepared by electrodeposition, the
3D-ordered structure exhibits a marked increase of ultraviolet luminescence
intensity and thermal activation energy. It was also proved that the PL red-shift
with increasing excitation power and PL intensity-reduction at high excitation
power is due to the laser heating effect in ZnO nanostructure. Furthermore, our
results show that the optical properties of ZnO samples at high temperatures
are very different from that at room temperature. At high temperature, ZnO
samples exhibit larger thermal activation energies and lower
exciton—LO-phonon coupling strengths.

. A remarkably enhanced yellow—green photoluminescence (PL) was observed
from ZnO nanocrystals infiltrated into SiO2 opal photonic crystals. It was
clearly visible to the naked eye under the excitation of an Xe lamp and had
substantially improved thermal stability over pure ZnO nanocrystals. The PL
spectrum shape of a ZnO-SiO2 composite opal can be modified by annealing
an $i02 opal or choosing an Si02 opal with different Jattice parameters. The
enhancement of PL intensity is interpreted based on the dependence of the PL
intensity on the size of SiO2 microspheres as well as the anisotropy of the
photoluminescence excitation (PLE) spectra,

. We systematically investigated the photoluminescence (PL) and transmittance
characteristics of ZnQ-SiO2 opals with varied positions of the stop-band and
film thicknesses. An improved ultraviolet (UV) luminescence was observed

from ZnO-SiO2 composites over pure ZnO nanocrystals under 325nm He—Cd
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laser excitation at room temperature. The UV PL of ZnO nanocrystals in SiO2
opals with stopbands center of 410nm is sensitive to the thickness of opal films,
and the UV PL intensity increases with the film thickness increasing. The PL
spectra of ZnO nanocrystals in SiO2 opals with stop-bands center of 570nm
show a suppression of the weak visible band. The experimental results are
discussed based on the scattering and/or absorbance in opal crystals.

7. The photoluminescence (PL) properties of ZnO films fabricated by
electrodeposition were investigated by using annealing treatment at various
temperatures and in different atmospheres. The PL spectra are composed of a
dominant UV emission and a weak green emission at room temperature, Our
experimental reveals that the optimum annealing condition for UV emission
exists at 400 8C in N2 atmosphere. A correlation between the UV PL intensity
and Raman scattering intensity is first observed below 500 8C both in N2 and
02 atmosphere under resonant excitation. We suggest the 575 cmK1 Raman
peak is strongly affected by a non-radiative center, and the intense UV
emission of ZnO annealed at 400 8C in N2 atmosphere is due to the reduction
of this center. Two different green emission bands are observed, which show

different dependences of the PL intensity on the annealing temperature,

Keywords: ZnO; Three-dimensional ordered nanostructures; Photonic crystals;

Photoluminescence; Raman scattering
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Fig.1-1 Stick and ball representation of ZnO crystaj structures: (a) cubic rocksalt (B1), (b) cubic

zinc blende (B3), and (c) hexagonal wurtzite (B4). The shaded gray and black spheres denote Zn



FEBEERKFEGLFUR T - g

and O atoms, respectivelym.
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Fig. 1-2 Schematic representation of a wurtzitic ZnO structure having lattice constants a in the

basal plane and c in the basal direction; u parameter is expressed as the bond length or the

nearest-neighbor distance b divided by ¢ (0.375 in ideal crystal), and @ and B (109.47° in ideal

crystal) are the bond angles.
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Fig.1-5 Total density of states (DOS) for ZnO.
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1-6 AR Zo FHTH Zn0 ﬁiﬁ%éﬁﬁﬁ%ﬂ’ﬂﬁ.ﬁ%%
Fig.1-6 Calculated defect formation energy fot the main native point defects in ZnO as a function
of the Fermi level. Only the lowest formation energy values are shown. The zero of the Fermi
level is set to the top of the valence band. (a) Zinc-rich conditions and (b) oxygen-rich conditions.

MF—ROMETE, WRMBEPREETRE, RESERAETZ AR
BMEBTHE, LBRMHFRERUETRHELE, B N HL34. RZ, W
EMBPAEFHRSRE, WERERA B FRERFEM, RARBHRTL,
fFHEE PR, TIRYEIAN Zo0 & N BEZEME. —BRANINEFHRNE
FRETHERANE T, BAERPHRE Zn0 BRIHRIRELKGHE,
B ZnO SHRBEREEESHRASHAEAR, FENEFREER. @
F Zn0 P AE BB BAMEbE, FELI P BB LREREN,

1.1.4 ZnO (5 F BT %

LETHRIEIEBARTUEREHNEET (<700 &) £RHHAEHN Zn0 FH
RIS, L GaN R— I ERKBERAEE L@% T Zn0 ERiRE
KMSRMBEHRRHETEY 8. ERNEEFBAKNBTRERBHR
iEF, Zn0 HEEZENEFHNBE THUSERMNTARTRY, X848
BERARFTIESL . BT IRRAEDRIERS, Zn0 YRS —BIHENECER
B L QAP FREMAL. il (D JIMEBABRIEL T Zn0 HE
AHHYBRMAREES NN, KEEFHRT Zn0 HEEZRBHFRIN
S, (2) ZoO AL E F EZI, REARKERRTUREZNEE
Ziph. XMATZIPEATCME ZnO MRMRTERHIER/DRT B4 55, Za0
B S EHBET GaN, RAELEHES GaN —3, HItFHARN Zo0 FJLLAE
KEREL GaN HMBR GLAM R,

ZnO MHEER M HEE —SNA: FREREREATHRIE, FRE
REBMAM SR AER Bl B, ERRATEIEANTNSE T —E-HE
HETH Zn0 B— A& BNH K SHRE 5,

Bl ZnO MR AEMEER R BHEERERAANRLAHEHAS P&
£ 21 200 RiE. BEKBITRMFTEER P ETH Zn0 ZHLEMEN. B
HixAEER T ZnO B SURBZ ORISR 40 4 % MR A K010 B 45T



PRHFRARRERLFMIET B &k

ARMEAHEI. HTRRXEEAE, TSR, X Zo0 #HE
EEAYEIEOBELEERRLEN. BRXRETEHEMNEMNATE, Hi
ZnO MEPREN N BESWEEDE, Zn0 HHKHZORERE RS,
TR EESERERMIATRE LR,

BH%TF p ® 200 WHRCLRETEERRE SIFAIMBENE
%4 p B Zn0. 7 MOXtronics A7, MIFRRUBTHZARK P HBRAT
%, AN ZnO HBHRET RIFHERSHEE, £ KK BeZnO MEEHTH
FHIER S RBRRS Zn0 4%, MOXtronics 2 7 45 T MK K Zo0 HH 5
LED B TFHEMRE. Ws, XEBANMENERE 01% AATTREK
BFE 0.61m/W. fbfTiRIZ] 2007 ELHENBEL 5%. MR ZnO £ LED Hiih
ThERYOEIEE, XEREMGR— XA EEERBEREHER DR
BRFRBATAAT . A, ZnO 2 LED MR IEH KB #5450 31 LRI,
A AT CARS A — A A R U, T B AT SR R T — AR T LA
f£. Fit, SARABRE. SRR RESRBANS, TUARRELMHE
K LERA—-%—-BE=00FEHMARSE. £T Zo0 MEABERRAEKER
AT WA SN, TR ARBROERECEE, AREAFAITEN s .

REBEKEN TR R LEXERER At RABHEX 863
BEZ00 BEHKHLBE T X REATA REEERH™. ZREA2E=
i ETFREMBEAE KR T Z 5%, £ HEF EEIRBEIMT) Zn0 ZFK PN 4
ResM (LED) , ER (29C) TLUTER. HARH. URERMTH
F 200 ZMHERMHHIESETR (MOCVD) #4&. Zn0O A HMHE. ZnO
BEMEERRBR. RBEWE—RIMHBRAEAMRE, BRT Zo0 B4
HEFAR. ZnO £/8 MOCVD RZiH A, ZnO #EHT MOCVD RS ERZ AR
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B4 P B4 S ZoO RS, FMBHRT B SR FRARIFRE
e Hm R fim, ¥ NEESE 200 #RRAERE PEER
FIEAA R B, P Zn0 BRYIEEE. EXMURIE T —LitR, S0
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A n-ZnO/p- AlGaN B RFL P MREE T HERER RN FRARY . BEER
HRT Zn0 MESAERRIOEHBENAT SFERME.
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HABER.
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WA IR L. SR RBNEIERE RS X BRI S B KA A0,
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B BRI FLRET LU B R AE R T SR IE B
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A5 AT, EEEEE AR, R MBI T RRERE K, MHEHK
RO ERES, RNFEERES, AEXHRESRURSETEEEY
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FAELR R fRIRFE. T R R B RS RS A A SUR R B AR B
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BN A .

M FZENT Rk, LR TENTESEKBMRE. Bl B
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B 9 I, R AN LS B TFEIZAZBANERHES X EMZ4X TR
HEBHREREE. BRI ERTRANTERET HARKR. HAK
FEEMR ST RAGABERESUABRNEFEHER, BT oTRARE
DG, ERERNBAETECSBILHARARZEEME. HFERT
B TENMEERE R AU SRR T RIEN AR T EAERBIERY
FAY IS, AR TR I AR LIS L R 1 A RETSS),

122 BARMREARTHE

BEOAREME AR (SI0) KM BARERKE L, ERNX
MR R A RATE . EAR B SObiE R A SRR EHERE
Harostel. ATEHER SR —BASOberis (BITERSEET P AEK AR
¥ IEFERR 2. BE((C;Hs),Si04, TEOSYK#R) il % WK R AR 19 B 4 BN —SUALRER
B/NER, SREF IS AR 1R B AR RO S T SRR AR S k. ATEATEL
SHEREZME (PS) . BREFNMARPE (PMMA) B4BRCR, ENAZH
RIS B BRI BRI & T E LM M. FIF B BUNHIR B 4%k
RAEARAERER, TSR —RIBEFFALRTAN=4ZLHH,
BREREARGHME.

rTTTY
Ll R+ ¢ + LT ﬂu-p 4
"“ + 44 ”"‘"‘ 4
+ ot V +
h A

Fe SR A T EH LB TET S Rl

H1-8 B EEREEEEATRGETEE
REAARSEARLAMNGEH, BEZSHREFHFNEH. nEEL-8.
AEARHEER, ZRPAR—FTH, BREOFNIREZERRZAMNRE
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M REN T,

1.23.1 X#uFP MR
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REFH#BERARESE, BTNERENBHNE. MR, WRELTFREEFI
ARF, RTFHEHPREUTARHERS,

KREHER, BEANSREREMREESK, SARTFHRERD, WETH
i SR EST B RE, XEXAREHESIER SRR TEE R
B1. MBS EREELT BEPSIARBERERMEU LR RE), ERENT
AR BREE MR LI R 4T . 706 T R P SN BRIGRT LAZE S T A BR A B
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2B RER PO ABETRELD 0%, BERUKCETEEN
BRERS, R 3%-30%0XBEHE, BREHERE. MRERLZRE
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RIF B~ R BAER, BT AF RIETHZRERTR H AR HEA LS,
R kel T R AT A A RO RS . XM RE HA AR AER
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(2) {EREHERS RS

L2 EMH—RTURHREEEAN, REFEFRIERBEAER

B AL AT AR i b P B e R TR 18 . X APRLSM B R R SHER

13



PEBEERKERLEMR ®-¥ %t
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. TR BUEE RS UM T SR RERETER. AKX
TR & RO R AR B ERIE.
(3) ik Fapm

FEHTFRAEP B AGHNE, PR T AR P MR R 2 X — ek
WAERE, XRE—FEHHMNSHN. FRENN BT L ELAERIDE,
BEEEALLF AR, BRHHEERY, RTREERSTURRIHER. X
FRAEE ST HE BAT A ABH RENONE, BENERIELTHE
BE.
(4) KTFERBEEET™

ER BB KT LTR80T BRET AR FER SN
S TFFHREH L H LA ETR 100 B 1000 £, SBRAFERNE LK. W
ST R 1.0 SOK RN 0.9 SR BB HOL, BMMBRLTFARBENL T, BX
F AT R R T S B 7R 60 . XFERPHE BABFTER
AR o
(5) KT

EMARRR AR MAZHEARE AN AETRAR, KRBILER
K, RESHLUIEER. AEETRERHERREE EENRRSHE
BRI A TUERANEEERIE RBRRD, RESHE SiH LERRE
75 Si & EHIR.
1.2.3.2 S SEPRNA
(1) BgRE

MERBEZHRRATHHERETUREOSL. WEEHEW, BE
FRESREZAA. RTEAOHREREHE T ERGREEEHEEN
FEEE, XERSBARNRERREERIRE, ENRERE. Fim,
St—RH GaAs (45, B) NMREERKORERS R, BUHERTELMAEE
R, RE 2%MBEREN EE, ANERERNEHR. BRATRENE
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FARTEHERTEET. M TFRAEMTAFHREEAMRE. XTRENK
BRI EANRSET, AERM/ M ETERERKOERTE, Bhk
FEREENTREHEND, HEERTSBREE, XRERT ERES
R, ERBEBEHEEPAARBEREORGME. BT REN
ERMBHREEMERLE 1993 FEXEHHIRI).

(2) FHREHB

FHR—ANPMER, EEERERM R LR, BT A BT Ak
AR AFIRRNBEER . FHEFRERES, IR haEsE AL,
K. BB ERATFI, SRR SR —K T4 8 DNA 2 T 5EH B
RE, T DNAWESTHONH, SIERRIER. FIRAXTREETLHNH
ERRE N R R, TUAFIMRERPEMENTE, Am#s
SABEFNHEES EERAE TR P 8L,

1233 R 5w R e Y

KA R H i E R NERG R, MAARAASHOERM I EER
TR FEHE. AR FEN NS R LSRN RATT R . £HH
MRMAE L, DEAITHREN—MFANTH ESH—M, REARAEX
F-MERE BERERFAR, REBAZH R, X— R BAAEREERN
A, RUELNAHRAEFARERHAEFL A EHEE BARE. 5
BRI, M5 S S L BEESR, FTME S B EER AR KHE.
BHASMERE—AAACHAER G E, EAEREARE BRI
AP BT, BEEEAAEN—MEBrPRS, DRI EREE
£, BREOFHFEEE-FREXALERS, MERROAAALHER, AW
FUR AT MER RN, Ai@% LBRE. BRMNRFRXKRE.
BRULEASE, MEGECA AR R TR B .

T F & B M B A X S T RENR Y X FRAFBEEIE
THREMNELZLETME, T EASHNEBTEWEREERENNLR. FRAA
AR TF REBTHHEHEAS: L MEEHENEEREAEEAE
KB E—RARNFEET, RIS 2000 B T HEMTTERERL 40 BOKAH#
HEWTHEKEIL. BT I, EXAPANSIAGSHZEI, XHESHE
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SABMRSAEE, SEENATTETR, EXRERLREZSHLPIER
ek, AREMBERA, MTHENMEERHED.

B T X T RAA S Mook s, B E B RAERBANRAZRESRET
A4t B8 AT LR F G SR AT BB AR A B L idt
1.23.4 BT R A

CPU Fl—%384, KEAHHNMSR: NAFPRIEE, #PRE
RIS, BBHRAMEEREITRE, TRESRERBNTFS. XZ—RIINY
B, S —1MESAM. CPUMHBIERS, E4ABNSE, CPU BAR A
AL BRI SRR E . BIRE CPU B, HHRSE CPU SERIE M, X
BOFAERFFOR T ERBIEER, BOEESEE MR T AR
@, XMBERBMETTHER, FECNZENES, REEIMIR, B2
UGN —ERERRREEEKMOEN, MH, BRRERER s, HE
FrAMNERERTHMEA, BETREASHAFEETFREERR, FHRL
AREEZAB.

XAIE R BRI B B AB0R R RS 106 Hz A4 MEHER IR
H. AT RERT BEXA E. Bt st aReRkesi#ig
TS, MHRARBT RS T RERBFATHES. Tt
BRTRERERE EEARNEA . BANRKREETFREMBETHAE
By, AR ERAT RS X Ed. BEHRRNSEEERF AT RE
ERTEBALXH TIERTHE . SUBREXTRIIIMHRR—RAITH
Hitd.
§1.3 =SFRKAEEHEMTE
13.1 SR EAHH

BAWFHE B PR alE R U LB R RO RA S T s —H
ZHESHE . EEESHES, BEF-HAEEH, BAREK: A aE
H, FRAREAE, BEMEPEMSRAGRILEIMTE, EEAMEN
R R EANA MBI R, TTEERES AR SR ARl

L, BEASEHEERFFEREZS R,
KRR ERBFEEER T HRKEES (1~100nm) FATH
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BT TREMEGEERNEASHH. TURIERRA. FRA. RAHERTE
2, MATURENY. BIWR_EHHE. HARESHESHEAELAHRT
R, TRENASEIANFRES, TRBAEHKRTEEAL ST,
BTSSRz ARERRELS K, AERNAFRBNELER, &£
AR R, ERIEN. FRE AR AMURER R R,
BFRIMNEER, WEAFETEORNE. R4BEEniiett, Bik
EAREGESMRRIRIKME FHE ORI, BTHKESHEFLE
FREHT AR BAFERE, LR EERG TEETXE, FEFEN
ZRARR, EELERNXUA, . BHFEFAROTALBFEATELG.
BIERRAKE SR 5 A =R AR
0—0 K&, MRRRS FRARTRAFAENPREFHSTRNGKE
%, BERABMER. MEESHELR, SURAHKIESY
M, IR,
0—2 H4&, HHEARMTFAHEZSOWEME D, EXTH AR
FAEHSHHEFEE, RARKESHEIE. Fi, WERRME
HIR i & BB S IR A Gk 54 HL
03 E4, WK TASEER=REERS. 55 SLEABKRATER
REBAERTWHRBE T ERBKRTFRREELT, BRELE
AHPKEEMH.
132 ZHREFEAEEHE
EZRERFEAMHREARTE—, LEHE=RTAHFHINEAN
B ZRE TSRO SHEE ALK ERCK . B AT ERERSREL
FRAZEERFIAMBNTHR=REFXALEEHE, FLUXFHHEETO
—3EAMAKREEMH . ZHHER—NTAHHNHREER, EFERAOKE
+HRE. BAHE, SHFRAILEAMNZHT Gk, WA HE. &
B ITESLEZTREZR MR X5 MR IR Z MR ar R
K. Bk BT REMHAHNAREFE, BILRTRIE SR KA, FEk
BAERROAERATSBUHRBFERAES . REERLSE. ATFFR A&
FHER. RTRIRR. A THETHSE. PR TRENEBIHE4R

17 .



FTREBEERCERLEMRY H—H it

KBTFENRKARTREARNARAOECEARRAKRI FRESTH. #L
RAEYEREME BB HER. B FEL AN =S FFRAR SHEET
BRAFEENRN. SEATRARESTHEREANBEDIMR. FK, %83
ZILEFFREBAL AR B RIS TR B T RN R ARTH
B, BETHKMHESHAIEFEAEHRMEENZEFFAALEEM
B, BURRRN—ERELEHENEH.
133 ZHFFEAEAHEOREA
(1) ABAEFHE
ZHREF AR AMHEZ AR R TRASE, TURRE RFAET
WER, AENTEEMENEHRERIERE.
(2) KL RIFHEERE
wIAMEAPASE ST 2 nm T 50 am BRSNS TFRKGF
FEEWERN. 2BAECSEENABRILBHREESEHILMEE. T
ERLEFHIINZEFFALE SRS, BATARES 12 M ESHAEE,
MR~ ARILBERSE . XEEEH FREYEILE S AR E. BANAE
AKX RET BT, ARTOEARSEDKLSFER. AN, 8TX
BERE, R, TTLNLEYRS AT ERLEEMEY XS TR XA
BA. g, TS TFEUEKE, REDHEREFAANT BETREHEE,
ZHERFRARAMEESH LR T —~ /M EENT SUEN . B TFAXT RSN
WRE T M ENEE L KL LB I RAME . SR P AL AR ELXH 1T
BEEYE, AR, AR DAL AR,
(3) MM ZHE
WA AR TR S & R F R AR E K. SE MR R EE
PEEREAHRE PHMERT LR A, FEEF SRS TR
Y. BAZHE R T DS BRI R AR EA AL, BT AT LR E T AL
MEEEREHP R, IESUMEHNATEARER.
(4) BTIeER
BFARELGLK, TLRFENEREZIRDERARETINRS,
HEAAAFHEAE R AR,
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(5) FLEEMr#EHE

IR LM MILEE A FLE R FT LB RE AN NEHTESR
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(6) BFitiri¥tiit

X SHALAP A, KT TR A F U 2 BB, AT LR
WOt RER HALBHAT S M it.

(N ABHEHEE

WILAP LA FH B8RS FE B AT AR KT FEm, 1L
LR —. FFERIMESERIEEEE B T 2T B3I 2 kAN
L ERRAFEERGRE. B2 MNRB TN RRME. stflE
HESE T HAFAAMBEEE N ZRNAES.

134 BREREBEBUAR

ZRAFRIREHROHEMERT AR AT RSN, 24 ML,
Btk IR R BV R R B MM E = R EF AR SHEIN T . &
HEE. 25, FHENAIMBILEMAE. JRER, BREH, BKES
B=HHFRAEESHHEERRATUTHEARE: (D BROARGIET %
() RERKILRTERYRGARR AR, ‘

HRRHEZFHEFEEYUREEFTRRILLE MR XB IR, HAE
BARSBERZROEREHRIR R, FURLHTEBNRES RSN, HF
BEAMPPRER MBI RE, THEERT N TREMEFNGE. Bk,
WAEREREFEUHERT, RESHIARR, FERIEER, REAR
RS RIEEEARTRER ML E.

TEMEFT T EFUTIUR: BR-BRE. J0RSREAEENNE, R
. WEHLE. BITRE. BIkIETIE. WEAHTBE.

V- BRI T 5 & R A P RIS RES, e RR
RIS N A R, STIRATE R F I R ALK AT AR R & R AL 45K
SR, MTTSCHARR A R AT Sk RRIRATEN IR A N AW e S & g
KEFHHTF—EMBEFP, BHAKSEHRTE D TERZRART, Bl#
RS FT RS NER A2 B P 9 (L 22 2L R B — R B R AR
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REARLEH. B TEHBATERANIHE, KREORFHEHEEENE
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HEBSERESEMREEREHSS), HW Yan SEX—HEEEANHFN.
IR LA ARG, BEE 50%, BUSEBELBERMIED, #
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AT IR B B TR 59K SR TR &, FEFE AR 74 R AR A ] A
gk &N CAHFETHERNZR S, BRTUREROSHERE, #HHKgE
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S A BLET AN, WESERREERE. & URRELHER
.
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BREX—BERERE, BRNGFE—SRERANRARE AR
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Fig.2-2 Bound-excitonic region of the 10-K PL spectrum for a forming gas-annealed ZnO

substrate,
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TABLE X1 Bownd excaton peak energies i€Y) in ZnO uogle cryscaly

B escrions
Newtral- accepior-bound bound 1o seral
excilons A excitons bownd 1o seutrs] or iosized donors Rovaor aaes donor
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Ref 299) 13643
Reyaokls er o, 35562 33594 3362 33610 362 13652 %0 3302
{Ref. 306} 336% 33664 333
Alves o1 o, 1358 3361 3342 3364
(Ref. 309)
Thocke o1 0. 33566 33397 33606 3360 368 334
(Raf. 293}
Boeware o Al 33892 13622 33633 193 393 3TMI W
{Ref. 204) 33402 33107 3313 3V
33084

3mm

R22 In0O BERABTFEHBIABRER RS,

233 BEEBEILE PLER LO T4
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Energy (eV)

2-3 12K-T0K (&8 F ZnO $EBR H ik E.

Fig.2-3 PL spectra taken at temperatures from 12 to 70 K. The spectra are plotted in logarithm

scale and vertically displaced for clarity. The dashed lines indicate the emission lines involving

phonon replicas of the free excitons and bound excitons.
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Fig.2-4 The line shape change of PL spectrum of ZnO with temperature. The spectra are plotted in
logarithm scale and vertically displaced for clarity. The distinctively sharp PL spectral featuers
from phonon-replica emissions evolve into a featureless emission band with the 1LO emission at
the maximum as temperature is raised.
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BB SRR,
Fig.2-5 The RT emission spectra obtained at different excitation intensities. Asa reference, the RT
absorption and luminescence spectra excited using a ¢.w. He-Cd laser are shown in the top trace.
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BRE).

3.1.2. R E

(D
(2)

(3

(4)

(5
(6

HZHBERMZIE (TEOS).

RIFRERE, BIUSELOINZE, EKAEZET KB RBMRPH
P, BARNEERRKGRFEEEE.

BREUSR 1% TEOS #THi#, T4 E HBHEH TEOS BAK
R R BY o R NEHEAT JE L BN B IR G 14, BEJE - A I BRI
2R ERERANER. RELRE EAEERME.

M RBH AR BB AR AN Si0, HER, WT AR KPR
TEOS Ak, HERAILH TEOS KPS, 3 H TEOS TKMBERHAE
1 2

810 pitfE, RMAW.

AELIEERBMETH Sio, #ERB TR, FEEEOERNN
EAMERER. REHEOERTGERYBEEE 30-50%8
ZEKERP. WEREE 3 K, BERBELER Sio MERIHELE
PR

3.1.3. %TF Si0; HEREI& H—taminM
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FEFERARF ML EEIBX B=F Zo0 E=HH THKGHHEEIB % SR

KEBLWRE, SHERAHE. RESMHRR, FRMEREE SO, BRI
7. BERRRSHHRARKHEN. £ROLRERIF GHBOGUSH #
ARIERL®. BERWT: '

(1) W& YKEKEXT 2, REEESMWES, TARIAEER

M, MEFEFERAKKET, JLDHEFBRERSH AR EY
¥ CRTEERET U T e, EARTEERE LEFD

(2) BWFRIFERE®): JHTRHEKRE, RERERK. RES
REABRELR, FREKBTR TR, SEXT 200 m b, &
HREET SHIEHME

(3) EFKK: TRAMEESFHKX, BHRERD. ERAKALEF,
BTFHEHERE, SREIEH (8100 BEBRIH.

(4) BEHLE. BFKK, TR MAER—, X RERKLEN
Wl (CRATREE, MTFREHR. RTFKALENFRERR
HRIFRFRYT, FEFRIEOEN. DR TRELKTZH
BFH—, WA BRRERSEN, BERRKNETKT NS
{2 Bz o

(5) HFR~HRE: OETHAKREXERN (TECS MKRELT 0.1-0.5M
2 1@, H20 BiRkELAT 0.5-17M Z [, NH3 #RRELT 05-3M.),

BROTHRTHATEAXER: D =AH,0) exp(-B[H,01%), X
PR 28

A =[TEOS]™*(82 - 151[NH,) + 1200{NH, J* ~ 366{NH,I*) ,

B =1.05 +0.523([NH,] - 0.128[NH, I’ . RHIKEH AL E moll. XA

RRRMBRAHIRER 20% . HRTH/MTE TEOS Kmif, A

REEFHARBHEREE. QFf 4 RRAMEKKENEM, H

FR- AT ER, HBTFE. HEREA—RET 2000m, TR

ALK . @K TR THEEREHKTIRD. DEEREN, 24

B IR (R, BENERIRAE TEOS #88] AR 3% 44 Mk F RT
3.1.4. Si0, MER i B 4 P
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PEMFRAREML2AR X E=% 700 RSGAFBKEHHHANEER

KRB SO, BRABREFERTUREHTRE, BETRE, FER
W%, EHAREEEERN - A, WREH. RRERERRORTSEH
¥l RNETERPEETEGEREE S0, FFEH (S0, EARRERARE).
B A F AR A, EEAE, WEERE, BTEREME. SRUT.

() HBHEE FBHEESRERTRE—.

(2) B EMHFHE S0 B, BEKZEREINTRE.

(3) HEBHEEHRAEST SIOBNHRERT.

(4) #HLANBMRET - ANSENRENFRAEEN. LHEED

MZBREER. EERNEETRE TR, Sio, IR BARITH
HAT.
(5) MEBJLKE, BAB—KUBHELHEN SIOFRFEARMEE.
(6) WMRBAIFERAM SO, BARME, "THHANY SiEALH
BEZSFRSTRE, EFBETHRAKRE SO, B+, ERLE
MBI A
3.15. %F Si0, R A4 —amin?

RS AHAEFEEERBT Sio RY—, ME5ARTRXRERTK.
YIREIH BT 8%8t, MRMEAIERE F@AET . 7 Pliang FAKIXIRT
BT AR, KARRHETEZHIMEEAARRESFENIRES Si0; Bk
ZEBEBREES KR EMALFIHIF:

K = fLa[[0.6594(1-a)].
Hp: KABBOEH. LYFAREE, H%TF 360K pAHLBRY &
K 1. a BERARIEL

§3.2 M8 PS BERMIHI & R4S

3.2.1. BB
(1) RZHKIEEE.
(2) EREKHERE.
(3) 500m! PUBE, SERARE, HRM, %%EE.
(4) BHHHEE, BEALHEHRE, RERLBHRARN.
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FEMBFERKXEMEEART =X Zn0 B=HFIFH KA 0B & KR

(5) EAH, =8%, ARE HETHERT, BHKE.

(6) 100m! Eff, 10ml Bff. 10ml BHAE, XF, 4F, &R, #
#.

322 WREE

(1) ZBRFZHEPHBEREM. SR 3 5T NaOH % T 300ml H1@AKP. K
JE B S0ml RIFHIPERER 50ml & ZIBHA R PENEZ
P RN, MREREHK. B S0ml BEAHEE S K. BEM
NEBEATRBAREE L F K.

(2) EZBREEZE.

(3) RFEEE EW—ERMEZEFABNRSMEPHHE., B4 RNH
BRKBRRFEEEE. REFRERASHTIRRY.

(4) BOREERMEZERARNMET . REHRNTIRHK,S,0, A,

RRLFF AT o
(5) 28/hHJE, REEZN.
(6) RIBLHLE B EEMET MERZEMRAT R, FRAERLEREE
RE Y 2R ER. REHEOE R EPRYIE A 2 BAE ZBEAK
MRAHET . MERER 3K, BEKELNEE AR HTER
BT KPR
323, XTREZHETIREE M — L™
Goodall FEAIRH T SAH U RER AR RS L% B A KA IR & UK
W MATANSIARIG R R AEE L KRR ER, ANIEBRRRS
REFEARDT B BEER, KEXGF B BEAT DR R ER YR
W BENZERRLERE, %050 TRER KA hET BBRRP#HTRE
B, BURAEMK, BENEE, RUREREHIERBERT AL,
BIERRLEFRO B LSBT RARLLRNEH S HNOTHFRR
B, BHEE, RNERE, BTRE, JIRTKE, RMRESBESERIIRE
RECHEWHROR TR 8. FEAERENTRRLFEAROANK.
AR TAEER L, Goodwin il T —MRRAARMBEAMME L
HIEFIEDTHERRT (D) ERERNBEMXR. BIERAABET HH
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FEBFHARAKEE LEMR L B=#% Zn0 R=HHFHREHAHOGEEH

BEMRSRENSRAPR. 2XREDOT.

IgD =

alg[l]+blg[M]+clg[P]+ f

HPUIRBTFEE, [MIRZLEKRE, [PIRSIRAEIRE. a, b, 5K

HNHRE. fAERGEEMAXNER. ,
MAERHARF, BITTURETH—LERETBHRGEERMLER:

(D

(2)

(3>

lgD Slg[I| K& X R, REBTFRETUREREZBHRNE

B BARRTLUXFEM: SETFREMKNIE, BTERNTEE
RO TR ATEEMERBBIEE. Rk TR
FERTER R T RBR AT B REREE.

gD 5ig[M]BREHRER. RBBANKECTH TRERERZMAM
RUER. XMASTUNTERANFERER: )RR,

RRGERHREMR, WTHEARFIREDSEEN. ELIANA
BREEFHT, AR REBERBE SERP FHARESHTHT

REM BB RS RFRE SO BRMmEE. YERRTHREYE

BN, MBSIRFMKRERIFAE, 48060 5HEABRALATHE
HaMRTERE T b TERLRERNEE, B R
KR T R L R AR 7 e SR T R A B R R B TR
2) BEELARIRBESISEM, RNCA TS A8 4 BT AR B i P A e
Wim, AERSUBREED, BANERIENEEX,

MWARFE 15D 51g[P)REM KRR, BIPIIEFREEMEERE
ZEWBHEBHIEM, BRWEMRKHARER. RN
KS,O,EBNMRERNPRENERM, —HEHIEREH G MBI
RTHEFEE, AENTRRHNHK BLEXHERE T RERL.
FB—HELSIRFREEMN, &E6TROTFHRKR SO HEE

BEZ 3, TR TRREGFEREN, UETEMERTEREK
PHEHERTRE.
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PREBEEARKXEMLRURT BZE  Zo0 EZHHFRKEHHE % X5

3.24. BEXZEBMHRM ALY
HRNUNREZERAERF LT SHE, SIMEHRRE, &
Bk, HadFE VEREARES. RNTEXREETBERHIER
EZEBE RS, BAXHFERRHEE, FEHE WEEE, BTHRE
ME. FBRET: '
(1) BHREBHEESREETRE—E. BELRESBRIE (T0 BBy
B KREBEXRK, BN, 28, KBKEBERHE 15 08. AF
FEHB 1 BRA S ERIE RN 24 Do, DB REEN
FAKH. N FHEEEBAEAKRERTFKYAHES K. &5
K FHREEM RN EERT
(2) BREEHHIBREZHKBRE, AZETFRKBEINTRE.
(3) ¥ROEENERERAEARECHURBRBENFRE D,
(4) HLEMBEMAET—MEEMEE, BEAEREHERN. 15k
ERTHAKRASEER. AERWEEPRE TR, PS HIkKE
ARFHIT.
(5) BEAKRE BBI—HFUSBEANRNRERZERFEOAH
JE.

§3.3 ZnO FK A HHED

33.1 RBE
250ml EIREEHE, Bk, BRE, MRKE, BROIBHR BE. AT,
B4, BT, H®EE K#E, XTP.
33.2. HEEF
FKZEE (HMHE),  Zn(Ack2H0 (4#746), LiOH-H:0, EREE (b
g,
333, R _
(1) SERETFHRASEA, BFmexE, RIERRLTEERS, 4=
KZ—BNHE, FRFOEHARRPPRETR—ME, THH
B8, UBMTHIHRTING, RAERN 150ml TKZEZEMAT
BERFeP, MEREIREE 60 B, RERRALE 100V, FRRTH
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PEMERRRFMLEM BT R=E  Zo0 HSHAFGOREHHE KB & X6

(2)

(3

(4)

(5)
(6)

MR, ABHE. BISHEEABE 80K
FIRREAEFREN 3.2925 T Zn(Ac)*2H,0, ZEBEHBEHET MBI ZRE
BT, REEFET, W Zn(Acy, KW, W, HimA
3 /e,

3MEEREAEL RHREZRTAHNSENERR, REEZHE
THE 2—3 et

FREL 0.8812 3¢ LiOH*H,0 A FHEMEHT, #EHZ (R
¥) BEHAHE -4 EEAREMBRERNREE, AGRKED
PPEER). MEEZETHA4-5 D,

BERBEKEE, #—BRE ELBHEN, HTHE.
RBHARRREOERR, 1 200 BH TR, REGELEE H
HBRZEYE o0 B, MEREH 3 K. REH In0 SHBELRE
B, BAKET KRS,

WMRB BN Zn0 BRER KL EER, B XRD RIEERAPKEHT
AR 34 om EA. MEHSHIFERILEESE, Zn0 KTHLSBRERKX, L
MAR, BEEE. KEEATUEERA—S5ER, BEHEM Zn0 2#
HAHEBOE, XRD RAELRAIPKSHFHIRIRS mmEE.

334, XTH% Zo0 gk HH—miA®

B, RERGYTHEHANKER M FFEENSE. R0

&K (£0.W0l% ), IXLEKIIET ZEFAE S P BRI K S FBERR S BT

EWERK. BH BRIk ET RET Zn(OH), H5HE. LRIEH LK EE

B, ZnO SEAEBH REREXMARSE, NiEERRN. HE YK K
RS E] 200, HILEHRNEESYTITEHKORERFEEEN,

§3.4 HITFHE ZnO FIKFER
341 LEAE

o
(2)
3

fHERMKERE.
fERpr i, HHHRER (SCE).
MBI HEE, BEE.

(4) %, BIEE, X%, OF, B,
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PREFHAKEM L EMRL B=E  Zn0 ESEHTHKEHNERH A X0

342 LRERE

18 s AL A B AR R AL E VRS & ZnOF R . 1A H K B4R (SCE)
fEh8 %8R, BHEINER (FR). BENELGESHEE (TOSHRE
B, K/M15mmx20mm) B RS T SRTREAERRREE. FHEKH
EHFACAERBTRERE T8, REFHZENRE. HEERMM
WIZn(NO; &, BNREBTK. HiHEHD T MRVIEIE R HHE B ZnORM T
B, T REPMAMERNEK. BITRNHERRESE ER KRR
¥. ARSI ML,
343 (T ZnORBITHH—Legint

AHA A TER K B TR ZoOR B L F AW T -

NO; +H,0+2¢ — NO; +20H  (E® =~0.240V (vs SCE) )

Zn* +20H™ — Zn(OH)— ZnO + H,0

BB HRER N

Zn™ +NOj +2¢~ = InO+NO;  (E® = +0.246V (vsSCE))

Bl AR ILRERR $hK v B UTRR ZoO RIS 12 B R 1G ) e i B it PR 42 )
M. BERERERAEHTES RIS/, U RRZoN KR LAY
. TRHRRIR B IO N Bl 2 B T BB R E R

Zn* + Site <> Site - In*

Akt BB E3-30TF:
Zn0 200
T Site T 1 ,-Nog T .
FA ) 1 ¢ O i Zno
e T [ J\azkfimaﬁw
' "2 adsorption 4 alectron b .
i =¥ transfer ; bual TNO:

W31 Zn(NO,), BRI Zn0 B+ Zn0 M Zn® , AL NO; REGEATHTER.

LR TIRERAER, B SRR FIREMRR T LR T me 2 Ak
R
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FRBFHAEETFMLEN F=E o0 BZHHFHREHHESHE LR

I=nFC,,. -k cxp[%_—gn—)]
HEbfn BRRFEE, HTHBRRETR2. FREERERE (96485C /mol ),

Cpo; BTHMRRB T KA (molfem®)e k° RAFEHZER (om/s™). a BT

BEYE. E ZuREd, E'RUANEBRENPIFESS. RESEEH
(831447 /Kmol ). T RHIBE.

LRRIRETREREN, AREHEFREZRAMXATUATEA AR
RHER:

Kchz.

I=nFC__ -k
W ohoy = [1+KCW,

]

_ [Site---Zn™]
[Site][Zn**]

bk, RSO RS T AT O I ERECETRSHOERER,
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FAHFHAKFELEART HBME XTFREZERN Zo0 FREARZHRAYR

BIE LT RAEZN Zn0 HREHLFERKER

§4.1 TIAER

KFRHR—BEAZRE LRE AP ENE 0. 53404
XMEFERBHESERM, JeT BEHEL AT BN KRR KD
—— MBSO AR AR, BT AEGRREETRERS, A
T BB RE BTG BOE FRW S M R NT RAP RIS R MIZH, R
W EAGTRT LB B3t T @K, IEBIERETIEa8 B . X0 HIEH Bk
AR IR A S TR B R T HAER . BTG T RIS RIERRE
ABIRT MIEXMHRAEY. ERRHHR, A FREORHET —AHE
BHEERKENTE, XHLRFANT REGRIFEEHT LT PN
WA, fi, BE Lodahl S AEBHA TiO, REAR LSRR
TR E A RS A 1B,

FEXRTRAEGHNEGESER: HAFEHENFRRAR (REHTH
HENEEZBRAR) BRABVREAREFERY. HERTRNE25
KBSIANBEOAREEENEHEB T RRMED. 7 1998-2004 HR & H KR
THREEFRIHA TR AV ELE LT, MIBIRRNESZ2RAAR
REFOLTE R A R 5 % R R 2 RN,

RATHRGE, BHREXOMTFRAGHNENERSEN, $34 20 EE
Bt ot s BB T T R —F D . WIBE Zn0 RRAT A MR
B, % IO HABBEAKTRBLEMEZR AR,

H5h, EATHERET REGEHT, RUBLRFELRENAZRL
Ao SXEH AR T E b BUN BN AR SO A R KR . (AT AR
T EEEDTHAH FHMOERRRR RS, MET Rk HE
RITEFE RS IR G BT i LA R OB ST b1,

FEXMAR LR, RANEHIEREREBANIORFAKREH. T
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o EF AR L FAIE X FUR AT HEANXN Zn0 HFGHAFERHER

WAE SR TREF A2 RN ES, - TTERRTFFEATA
CIpdiR =3y ad: Cupup 4 cdi:e) 202
§4.2 TTHE T X Zn0-SiOHAEARTLEMTR
" 421 TRES

JBEATREHFE, BRAITEZoOFK BRARIHIEMEREAHD=205 nm#
BEUARBMENAL. K08, BIEZnOZK FIEANIGIE KA HD=245 nm
HEARER, CIRZoOZK BIRARIGI&MIRRHD=295 nmiIBEFR A,
CHACRZINOFK RS HEA0CHT0CHLBEMNERDAF R
(D=295nm). RRZEFHBHEIEH ERAZa0PIK BESZ HD1, ERIEEEE
FA1l, BIFIC1, — & HEMLEZa09 KRR (30um) #fEHD2. ZEER
IHZnOK B Z BB RN R InE B Ry LT R HIET.
4.2.2 &R

-

%
(8) 8

3

Transmission
8. 8

g
e

200 500 600 700
Wavelength (nm)
B4l RRAGHE FARRERERENEG#E. HERsample A1SEME1R
Fig.4-1 The optical transmission of sample A1 (D=2050m), B1 (D=245nm) and C1 (D=295nm)
for different incidence angles (&) with respect to the surface normal. The incidence angle is

indicated in figure. The inset is the SEM image of sample Al.
4153 1% 1 T =HSi0, 3R M Zn0-Si0 H & B AR SN B k.

XALEGHE M B RAENG A 6 = 0 F30°B TN, (AHARBETHRARE
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FERHERRAFMLEMBX BINE AT HARNA Zo0 H FEHLEE g EN

RELT MBS RMAE T AR E AR ERRAENELFE
SHER, REERBNG T FAE S o EEOr A —8, RESIBRRINEEES.
BB RS e B AT i AT U BB B, RIS ERTARRFSH
RO BE R RN O FHEH). SAMARIFES =0/, BESIOIRBHEX,
EHE LHMALEH B R EKEK. B, SSiORRRFE—ER, BEAH
IR, BHHE ERMASERE R EER K. FifXTBEM AR
A T RATEE

A=1632D [t -sin’4,
Hiiye, REMNEEH UA{EN185) . DRSIOMERE. SHSIORH

AL, BATHBZoOMAK & B HMZn0-Si0. B & E AR E 4w FE KNIt
B, i R B STRAE. fiin, X D<295nm MISIOEHFE, HAZaO
A BRI AT B R STHEIERT B650 nm, A T ZaOBiK RIS HIA B R 5T iid
BT B) T 655 nm. B EFGLILH, ROMEE LE MRS TR LMEEH
BASIOE A B M ZnOG K& S BN RMER IR RAMGHEEN: 1%,
1P REE S T ZoOgPK FIEASIO R B A B NEBRMFBEER . AEF
LLES|, SiOMASBUMRIERFFHHFIE—R, AN TH LT EERS
Af (11D FlE. B EAERER0E R RREREANZIONKAE
R, FEFLRFSIOBEARMEFEH. EHTE2RERRMTT UG HIX
B PR R B KA SumZE AP, ZnOghK B 894y R~ o BURI AT XS
KATHIER B EERANY ST REL(E4-2). HHERS~6mm.
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PEMFHARFRTFRL

PO ETFRAHNT 200 FFEREEIEENER

Normalized PL Intensity

CPS

002

100

101

102 03 112

116 1

Y M T
2 6

H4-2 ZoOHKERIXRDATA i
Fig.4-2 XRD spectra of ZnO nanocrystals.

500 600 7
Wavelength(nm)

43 FRERAH T sample C1IH—{LRIHIPLIE,

00

Fig.4-3 Normalized PL spectra of sample C1 (D=295pm, solid line) for different acceptance

angles (8) with respect to the surface normal of the sample. Arrows indicate the position of the

center of stop-band. Dash line is Normalized PL spectra of sample D1 (pure ZnO film). Curves are

offset vertically. The curves are normalized such that the magnitude of all peaks is unity.

B RS R BUR J6 iR 4P B R B 20342 om0 R YR B . 4ESI0EH
AABEBEMRARBRBEEES, L FERTERRYE, EibaqLlzns. X
FHRIZoOGK B, o LIEEMABUGE LR AR RIO0E, H
W47 72565 nm (B4-3) o SCRRIRGE, ZonOBuK Rm WA N T i ke
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PRUFHRNEM L AR BT T RARRI Zn0 HELHEFHROER

FHTFREEERRAZARZEAMESEHY. A FRGENEFEBXT
In0-SiO, H S EAATCERMERTUNEIFE N, SHEEHFURE, K
Fig RS M EEAREN. 547009 RERMAL, Z00-Si0,E4EAR

MR EHHEMME. Fil, XTERA=10007NKiE (sample C1) ,
M B GO BZERK650 nm. BATHEEMLER-3HEFY T FARARNE
BRAEMEFOALE. ShEEH S LAME—F, RAEEUADOERRF
AN AE, KRR EAMNSERETHFERNARRE RS .

s &
<
<

<

PL Intensit
o B

v
1C1C2 Csr
Sample

PL Intensity (a.u.)

O
r

200 500 . 600 700

Wavelength(nm)

B4-4 ZnOZX B R ZnOK FIEA S A R 875 K Asample C1ATPLIE . HlAA
10°. HERTRAESOPLRSEE.

Fig.4-4 PL spectrum of ZnQ nanocrystals infiltrated into annealed SiO; opals, C1 (as-grow), C2

(300°C), C3 (700°C), and pure ZnO film (D1). Curves are offset vertically. The PL spectra

were collected in direction corresponding to 10°. The inset shows the PL intensity of different

samples.

BB T4 AU REE I Mk 3 AT CLABISIOR FARIEEER, EtRHh
KRERET LUESIOE MR MR THY (R R REBmM, X ARIRE
T—AMARBITHREEZWHZ00-SI0R S BEERMEAEER. B-4E5H
T ZoOgiK FIEAT FEE RSB NSO BAT AR k. TLET, X
EENERATL . SROTREFE, BERLE LHNMEXEFHE R
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PREEERKEBLRAIRT BNE KT RAENRN Zn0 ATFENEZHENER

Bk, ZRRASIOEERERGCRER b STHEFERNERKDT, RE
TRBHR, RTFREOPOLELSSEBM,

HAEHE RBTER/MITE B AR AT RO E. WREIn0OFKRERAS
FIER43 49810, F S A, M E LAZEE K70 E A B Zn0-Si0, E & BEAB M FOLE
., WE4-SHFIUEH, ShEEHE EMmERU, i ERMEaE
BLHERBHRATAY. B4SHERRATHELSEHBRRTLURE
n0-SiO R & BHH MR K.

o —~24 (a) n

Normalized PL Intensity

&

400 500 600 700
WﬂVEIQ“gth (nm) Waeglegsg%h :(33?11)

B4s TRAMRBHRE—LENPLE. BRAN10°, HEERPLASKE SHEFRX

MURBEKFR. BEORAF LB SRR,

Fig.4-5 Normalized PL spectrum of sample A1 (D=205nm), B1 (D=245nm), and C1 (D=295am).

Curves are offset vertically. The curves are normalized such that the magnitude of all peaks is

unity. The PL spectra were collected in direction corresponding to 10°. Inset, a) PL intensity
3

1 .
versus microsphere volume (Vrphm - —6— ) in ZnO-Si0; opal composites. b) The transmission

of sample A1, B1 and C1 at wavelength from 330 nm to 400nm for 0° incidence.

PR e A AR BUR YT CAR IR, ROG I b A0 R AT i LA
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PEEFERARKE ML EREBY BUE LTSRN Zn0 HFGHRLHENER

BHRE. FHEARRMRETHRES TEA:

(1) WBSHEN, XRTUERTERF ISR, BN, AR
MEERBREOEMERARRE . XHENLEHFRTLE—H#. WT
%, AREEMSIOBRHAxT B REME®. HEX TN
EIAR, BERAFETEETERARM/LESIOERER, BA
FEARIBLESIOER R MERNRD. FTASBT Rt LM
BEHE I L HMEHREM.

(2) RAELAFEHLES S LHATETHNEAREHTHEFE
NS, XELFSERFRKH BN B — R M.
BERLAMENAREE, WIS THRFSHOA TN, X2
BH—ATRESBR M LHOMSELES i LM BN EEN,

AE4-4RBATTUE Y, ZoO-SIORARSRAMEZ R ENR. 54
FIZnOBK &I (sample D1) M, ZnO-SiOH & EARNEZRER S
BELHERT —MRER. ATHIEZRE, RIVSEESHET FEZ30umi
HZnOPK FHE (sample D2) . BRMRMEEAN, ZH#ERTZOFKRHTERE
ZnO-SiO,H&EAF (sample C1) PH—T 4, ERENEFZRIBRSRE
EZRHZXIZn0-Si0HABBAWNAZ —. BANAFELAS BB T ZoOGK A
BABISIOBAAILBRFHHAR FRER A BE YR,

FERBKE, W Fmo-Si0HAEOATNS, MRTEBRFEHRNET
BHUN, BHRSREENLERERESAMI0NKRAFE—B. Bt
BRSO E AR BB ABRABEEEH, RITATLHANZo0-SiO;
HABEAANHERAESHIOMKREHE —F, BREHRTIOMKEFH
EFrhba. ATEBEAM AZo0-SI0OHEEAAMARK S BE LR, RITT
HHEE=FRNEWHEE: -

(1) ZnO#K R 5Si0,F B H FHEZ FHHA .

(2)  FERI NS BUR S R RO

(3) BRMISEBENE,

AT FiERATRSUN T Z00-SiI0,F S EAREE R LBENTN, i
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Fig.4-6 Normalized PLE spectra of sample Al (D=2050m) which were measured by monitoring

the yellow-green emission band. The curves are normalized such that the magnitude of all peaks is

unity. These spectra were obtained as incidence angle was corresponding to 45°and 80°, with

respect to the normal to the sample surface. The PLE spectra of sample D1 (pure ZnO film) for

80° is also shown.
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- Fig.4-7 PL spectrum of ZnO-SiO, opal composite (solid line) and ZnO nanocrystalline (dot line)

that have been annealed at 150°C and 300°C in air for 2h respectively. Curves are offset
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B4-8 ZnO-BIRARARMSEMER. (a), REERA. (OYRHERE.

Fig.4-8 SEM images of Zn0-B1 composite opal. (a), Sample surface. (b), Side view of the sample.
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Fig.4-9 Transmission spectra of ZnO-A and ZnO-B opals taken at incidence normal to
the (111) plane. Curves are offset vertically. Inset of (a): Logarithm of the transmission
intensity at the wavelength of 368 nm as a function of the thickness of ZnO-A opal
films. Inset of (b): Logarithm of the attenuation at the center wavelength of the
stop-band as a function of the thickness of ZnO-B opal films.
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Fig.4-10 (a) PL spectrum of pure ZnO nanocrystals film, The inset (1) explains the PL
measurement scheme and (2) is the PL intensities of UV emission and green emission from ZnO

nanocrystals film versus excitation power respectively. (b) Transmission spectra of A2-opal
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(D ~190nm ) and B2-opal (D ~260nm ) in [111] direction. Arrows indicate the positions of
the stop-bands. Line A indicates the peak position of UV emission band.
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Fig.4-11 PL spectra of ZnO-A and ZnO-B with different thicknesses. Curves are offset vertically.

Inset, PL intensity at 368nm versus fiim thickness,
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Fig.4-12 The integrated intensity ratios between UV emission band and green emission band

(UV/Vis ratio).
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Fig.4-13 (a) The green emission band of PL spectrum of ZnO-B1. Zn0-A1 acts as a reference.
Both PL spectra are normalized so that the magnitude of both integrated intensities of green
emission band is unity. (b) The relative PL spectrum of ZnO-B1. The relative PL spectrum derived
from the PL spectrum of ZnO-B1 by dividing it by the PL spectrum of ZnO-Al. Arrows indicate
the positions of the stop-bands.

¥ ZnO-B1 fARY PL #FES AT HLRE, WTRURBAR PL #HME
BT AR 5B 5HE MM BT AT E—3. EUIARRS PL S RMA X N F T
W, £ Zn0 HKEREFASETFREWRBMEEFAEEMBBANER
Bl, R, A% PL i gMA EH R ESHEMMEE, XTRAEM A&
Wo BRI . .

M ZnO-B1 (A% PL & LT LARMIHE B, [ THROCTHFIE
WRIER, RAESGFREAR, WAMZMRRERER T OISR EEER

83



PEFEHAXERLFMIBT BNE ETRARYN In0 FHREHAFIERNER

BER. RAEANIOLE KRS ABKERS, $EDTRAZHERTHIEMR
W, MR RAREHE.
¥:S -\

ERX—E, RINEEMRT DE ZnO Gk BHN SiO, Bl R B FER M
Zn0-Si0, A BHRLHNEMLE. FAHBNRAESHENEFIME
X, FiUERNIS SIBFA T RUTEAEM He-Cd BOLBE MR, FERITEET,
RATRH Zn0-Si0; HABBAMRNAE, #idett, HEBELS4H Zn0
HKGEMLEBTEERE. BREANESEN 700 FBBD, EELRHMN
RACLWRA L. RIEFZ B REE FEFEATATBENTTFHAS L
FEHHNER. £ He-Cd BABRT, BURBRFRENERNRNEE,
BIWR T Zn0-8i0, BEBARKIAET A KASHK Zn0 X REHLL,
Zn0-Si0; EABERWENTRBELARATRER. B4 RINKALEE
410nm 9 ZnO-Si0, K& EBA W EIMGREN EBEREUE, TEEHE 570om H
Zn0-Si0; EAEAR MRS R B E A RS,
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TREFHEAEM TR Y FER WOLRMER 200 HRLSHABRABBHER

FRE BOERBNX Zn0 B RSB RAMEKNZ R

EB) “EALRER R R L0 B B B AR, AR GR35 & A ZnO/Si0,
HABAAN In0 FHELLEH. BERRDENRY, SHAMRGTES%
FIBUE ZnO GUKAIEALL, ZnO FRFPURESMNRI RS ER N TEME R
RIABRI BB BATA AR ERRETRERC MR AR, L
S AR, BB T — MR EE SRR MR RFHBEEARIE,
FHAUBEUSRE - LERNPESH, FHEREBEMRNEARGL
fe. JEIRIY S HUHIES T £ MIEE R B LUSOE S8 Z AL B 74 R ATAT
1.

§5.1 IRE R

AR =4% (3D) AR ZAEHREERENTIANE, BO9XFEE
S, i, EER, EYMEREETESFTEERENEANE . 7
FZEARERREZE (PS) BARBEABERNE= SR FEALEHRE—F
HEMERAHE, EEXN/LELR, EHTFoEARRRELERARE
B, FRBKNEFE A9 KERET TS AHEERRBIE R > 1,
BR=GFFHERNERNSROCEB MR, BRAX TRERFHEEEE
MBI AR RRENT REN .

HT Zn0 HHEZ X AMMRL, FmBHEEFR (337V) , X#
T RARE (60 meV) , XFESEMEERENHFERAN T 7T
mz—, E, —HEEAWAT Wo-BRAEAFFMEN LSS, &
X EATREN AR TR RN R TR AN EH HF AR AFSM 200
WA S R—FEEH I ESEIESERR, BAEHRERFIL, Fel
HHTFRAEREOERHNE, Scharrer FARBRFRIRERET 200 =4F
B, Sumida FANFIARLEIREEBT 00 ZRFRFELLEH
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FRMFHARFMLEAR T BER MOEHRMEN Zn0 AFEHRNER R REER

U9, FELCAET & IR R —H ENEERE R MR . ROTERBRTEA
TZRU BB R AR E LB XMt T e R REHI &/ Zn0
ZHEFSIEHRRT REFEALEMNRE, AN EERTHENRETRHHN
(20]

BiE, 3T REHEFEMAME, Bergman ¥ALRKETHRDRNH
BRI BIER N BT RO A, Alim %5 A WIEBA R (E 40 BOL BB
RIVEMRIE, ZnO SR BHNEREEF PR ELRNBOCINARM, BotmA%
PO S RIR S 8 LB FRHABP Y, REXE TIET T B0tk
R B L BHRMABR MBS A LN, ERMNXEAZNRASERT
. 55, WATHEPHFANSAEEBREAR, ZHAHEREETHIN, B
AR TR RO, RIKRNOTEEMZIEHNN Z00 BFHHL, X
WEATRIEZFANTA 00 HREREIIRRFA R HRHIOET B AR
&

§5.2 SKIRAAR

B T SRR R 2 B A /MRS & it R L R E R R EE
ViMes:, ¥ EAREREZENFFRRIIERE ITO (FAHES) SRIAL
6, S (ITO) SHBRELRNCATERMTEERET 30 28, A
BERZENYE, BEHXESREHRERE IM BHEALMKERH B LR
AR AYE. FE B EERREAETREIE Zn0 HFEA#EE. B
HEREER (SCE) fEASERE, BAEAXTEE (RH). THEEK ITO T8
KBARAARENESAR SN . B SRR 1TO FHEEH
JARVUR Zn0O-SiO, HFRPKE S 4., ARELIERARZER ITO FHEHEMA
RIUR ZnO HRZILAKER . BAEEE 0.04M ) Zn(NOs),. FLBEH ZoO
YOk RAIEA ZnO-Si0, HFHKE & MIE, BRIZRAMNEEF K. JIH Zo0
HRZILMEN, BHEEETFRRLKZENREY. BAREZHERMYK,
R Z B FKREK ZEE RS 1E o7 DARR (B 5 B A R A9 1
B BN, KGRERFE 62°C, BERRE-096V. ATHRE Zn0 FF
FAEW, FREZHENSDERERARZE, EEEEAPZIARTP
550°C bR /paT, XEERTRABR R RE ZAHHAR.
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PEBERRKERLFHRL ' BIE MABYEM Z00 EFEHABEXNBNEH

THE, ATHROHFE, RIVEHEN Zo0 FXEHRIFCHES 1.
Z00-Si0, H P K E AEHER Zn0 B 5L LG KEEL 5 AR R A& 2 T
3.

BRBTEISER 1SM-6700F $Z R4 % (FESEM) RR1E. #&34
FAR SR AR X STEATH X (XRD) (Rigaku D/max ?A (2CuKa=1.54178 A))
TR FESHE R B BT UV-2401 PC 6K TR B B 8 i¥(Raman) #)
WEAMEBR A (PL) MIEHR BT LABRAM-HR JLEBOLMK 7 8 i
BT BRSO G 0SS He-Cd #OLE, BRBEN 325nm, B
BEDEE ImW EH. UERAIRHEZRTFRR.

§5.3 SZRATiR

53.1. BRMEHEIT

£ P IR A G TR 5 IR SO, Rk AT, WTLUEBIaMERR
Yo HHHE SO, AR SHIRA 2 EIIREAPIR, £RBRT BITR—BRH
BJE, KRB ER T ARMEE. BENENRS 200 ELIMIHTE Si0,
BAESFERMZRET. LitR Sio, RBREEE, TRSEHEAT Zn0 M
Zn0-Si0; E&4H, ENRAVEMREH2ML & RREISFE, htLE
HED, BRRANEESENERN. #RREHECESH XXM FLRY
REEEERT REMATEEHERX. 018 200 5, BEF I HINH
BTk, IMELMRERTHE 200 BEMERMNTHHENRA. XE5
ATREAXMARETERERNE TR CELAFER.
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FEREFEERAFILEMLEY BAE WM 200 EASHARE R REOEW

B5-1 $HR4TSEMENR(a) Air-Si0, BAAM. (b) ZnO-Si0,BAFMK. () ZnOREAL M.
B i R 2K,
Fig.5-1 FESEM images. {a), Air-8i0; opal films. (b), ZnO-5i0;, opal film. (¢), ZnO inverse opal

film. Scale bars represent 1 micron.

Bl 5-1a —3KAEM SO KB RFEMBRYAHEER . NEFTLE
B, Si0, BABUMNRIEE T FHHSE—E. MICIRATLIANE, SiO B4 Bhak
BRI AR B N F O FEREGHE (111 FE. B 5-1b P%
R HERY N T Z00 BEHAKE Si0, KAk RATLRRT R, WEP
ALRBL Zo0 UK ENEE, EASHE 5-1a 48, B 5-1b PHERKE Sio, M
RZEHARCLE/EN. 2 U ASERANEEX KRR Zn0, F—EK
WHARRER, REN Zn0 SHENEMKBHEKEZHFARZRAMN. £F
B, Zn0 EKIFERFR—, Fik Zo0 KF T Sio, KARBIIRE: &H
—ERIR, ZnO AKEEEG L, FHIXBRIEN Zn0 BRF K Si0, Btk
SFNERE, EMNEKIEERERFREMILEREZ . B 5-1c & 0 FFEA
g LR Em GRS PR e EEE. NBERTLES, FLAREFRETIN. T
B, BEAREZME/MNIE AT UEERES], XA FCIEARIIEBHILAS
MR ZHAFFILEN. XKkEFERY, ERGERFEAEHRNLRET, Bk
FEERRLHERE SR RF Y E RN ROEFEE.

15 20 25  ap 35
Photon Energy (eV)

W52 KEHESHE. () Air-Si0, EHEM. (b) BHFEXZOMKRM. (c) Zn0-5i0,HAR
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FPEHERRAEML2ERX FRE BOLAREN 200 ARRGHABEAMROES

B,
Fig.5-2 Optical transmission spectra of (a) air-Si0; opal film, (b) compact ZnO nanocrystals film,
and (¢} Zn0-8i0; opal films.

B 52 41T Si0o, A RAR Zn0-Si0 HFE S b ENH L. X
BHENWBRBREEETHRRANZEL T RET. (2) £SO RERGH
B, EEHBFEPTUEI-AHENG, BANT 276V EH. B4
- ERNTAEEAT RAENARERE. XRNERTENE Si0; Rk ket
TUFHHERAMEE. (b) £ Zn0-Si0, BFE S EHMEE BN E. ER
B, #SLEACLATERIGRET SR S0, 8. WIUEH, 5 Sio Kk
{48LL, ZnO-Si0, HRE & 4MNAhE G 2O B B ERMER, bt
R 2.32¢V. KRBFHIATRT Zn0 MKRBZE, WEERTHREREWER.
BT RE RAHEMAE, EEAREEE, RATTUUSHEE Zn0 7 SiO, Ktk
ETLR P RIRAR S 5% LA .

5 Si0, AR GED, REZHBRESFLERHOGNEE, NIER
5. HAREZBRAREOILBRANT Zo0 FKREZE, HHBEHTHE
Ttk RERRBBEERY P 550°C B ERELEER. RERE/H ZnO
FREIAHEREHANLE.

fi B BE B B XRD AT RS RNS SR AR, BATTLMEH ZnO HK & BT 10
B, MTREM Zn0 FIKEHEN Zn0-SI0, FFEAWME, K 200 HIKEF
YRR 35om A WF ZoO FREILEE, K ZnO ki FHHER 280m
kA
532, SEOCHBRARRE IR

B 5-3 5 T HE K ZnO UK S ZnO-Si0, FRE A BHESRNE
RIVETHABRNKE. NXEEEPATLURR, BERRIIENRA, 200 K
PRI OB . B4, BEBKDENER, Zn0 BRI HEE K
B RN #%. RIE Bergman FABENTIIE, RITME, HEHEDEY
RH, IR PROHLR DRI RARE FRBOOLI R+ PRGN
FP, B b, RAOMWBEAHFTAMBECHETHRR 3815V, RMERXTF
ZnO MR : 3.3eV EHBICHIE BT LI Zo0 JUREBRTIRK. A5, Bt
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FEEFEAKXEM LERX FEE BOEARNT 200 HFEAXIEXBEHES

BHPSOX RO ERERER: Sum KRS, FIRS B R O#0E
DhREERELHEN. BRAMTXEEE, RIVAAE R mMABNES
EEREARERABRENNEEERER. AT ERHERX LR, RITEL
T—ME R B R L MR B L RER,

90000 ——Zn0-Si0, "
- = Zn0 ’/ \‘
I
75000 - 1oy
P N
0 \
60000 |  emm—=rn= f\‘ AT
oy X
743
= P v
L 45000 /2 '
E -
-
o ,~\
30000 - P/4 \

- - -

15000

P AN
18 2.0 22 24 26 28 30 32 3.4 36
Photon Energy (eV)

oF

.8 4.0

Bl5-3 BFNZaORR S MLMZn0-SiOH FH A BBESF SR IIET SABRA M.
Fig.5-3 PL spectra of ZnO nanocrystals film and ZnO-Si0, composite opal at the different

excitation powers.

LEMEFHNBERREZBAREN, Kp—BotkFRESSE 200
gk RRt. BT BBE, HERENRTEEANHEHRELR. RETIR
EESHRTE BMBA RE R B SE AN, B PHRIRER

(P )ATLLRAN.:
B, = K(1- ®)FP ¢}

Heh o ZEEG ERBOCRBIIEN PR BRRAR T, FREH Zo0 FKE



PEHERAXERLFHRY BEE BOLMHER Zo0 HELAAABRAMRNLA

B KRR B MASEAER K LR B K R SRR A SR
—AMEF RS

WrmEBERRRAL KPS REH Zn0 4K BB Fel h .
A REEE S M IRE R A B RE D%, SRREENRER, ERHE

FE(R)SMARSEE(T)Z FEE—MEENXER:
P, ~MT-T,) (2
HPMAREESHAN—MERE, T,=-283KEESHENMIERE.
BERER (D M Q), BATTLHESHTEHERER:
K(1-®)FPwMT -T,)=>T ~pP+T, (3)
. K1-®)F - , o
ﬁs)LBfJu-—T—-—;% MRE, ERBT BN B REN. R
MECETHET, pilX, RERSBRIOGCAHHBEK.

ST LB AW RFKTEE SANIHETIAESEEZ REEERE-ZEM
HERRXR 2,

E(T) = E(0)-2a, /[exp(©, / T) 1] 4)
XA FIRFRIET B da A B AR T B - S R R B R T Y
.iﬁ%%\. EHE () F, EQ)RESEE 0K HHEKER; o, RETBER
EHEERNRE. 0, MNTFRANFHETRE.

AR IEELRARICAITR OB E R ERH, BEE—F
MAENBRIRT, BEAMNBTUEREKRERE EABLERKE

B, RAVRE, WERE, 6,/THEESRE. Bit, RITTUMELES
exp(©, /Tt ITRHRINESF:
exp(@,/T)~1+%+%(%)2 JLL. (5)

BREHEY, BRIZEERER (5) PHEKA, RAHBRAN—KE.
LUIXFHRESE, RITTUNGTE (4 R TEHXRX:



PERERARAREM LR BEE WHBYEN o0 HFGHABRRERENES

E(T)=~E(0)-aT (6

HAM R o =23,/0, .

AEMEERSHRTFIUEY, ERARERE, BEHRERS, * B
A 1R B AT e B VAR o XA LR R T2 % Bagnall % AFE ZnO SMEE P UE
B, fATRMEERRETEES,

WHBRR (3) RAFRER (6), RIATUBEITRMRER:

E(P)~E(0)-aT, -auP @),

MIEAFIEXTTLVE W, ER KRR E(P) ) SBOLMIBURTIR(P ) AIFLHE
BHEXR.

XTEIUFARINER, WANLAEEHESREZ AFER THRX
=7,

[(T)=T()+T, /[exp(©,,/T)~1] (8)

HAPW IO FrSRELKKAMEF KM, thin, BERRERA, (0, &

HES RN B - RS R RAMN. EZFIVRE5HT-LO BT
(Frohlich) M EAERARRHIIB A BB, XEF RN SEEETIHEX.

#E T, RETHT-LO FFHEERNBREEE. 50, R LO-FTFRE.
¥HER 3) RKAFER (8), BNTUBATENRER:

I'(P) =T(0)+T,, /[exp(® , (uP +T,)~1] )
BAFERAMR TR HEAKENERE SRR A B ARR. AR EE
BAIATUBE): hoy, ~Ti(meV). B, 0, =w,h/ky, XM k, REFRES
¥, Eite,, ~823K.

FEZnOMH BRI & R BT B E S AN TEER T EHETFHAX
BB ORMERRE I ZHHAERNEXREY. YiEREREEN, Bt
WE Pl Hik, MTFInOfMHERE S REFHHEEME, FETHEHRNXKR:

OxP (100



FEHAZFHRKFMLEMRYL SBRE BOCANEN 00 HASHEBEREMENER

B ETARIIR, RA1E, ZoOMTRAMRNBEATLLRT A THATER

)
O =0,[1+Dexp(-E, [k, T)]" (11)

KHME ZEE, O,MDHBRSMBHXMESR. REHFERX 100 AHR

® (10, BEEFBOEAANMEW, RATAAZnOGK S M RIS
WA T LA TR BARRIE:

O =§&,P{1+ Dexp(-E_[k;T)]" (12)

KL E R—MFIER. GEHER 3) BAER (12), RNFE/T TEHN
FRER:
O(P) = £,P{1+ Dexp[-E, [ky(uP + T} (13)

HEER (13) #R T ZoOYK AR RV A B E SO BUR TR 2 [ RIX
5.3.3. ZnO 49K 5 @A Zn0-Si0, HFE W AEE 27

MEH Zn0S K BIEFIZoO-SiOH F HE SV LB R L R R T UK
B, HRMENRIHLE (B5-3). XMEFLHEHESHTHR. SR
FRBEAR AT R R BT UMNABR KBS FD), BHRMHNE, RER—
MRIRR R R . BEZoOGK RIERE ST AR R E R TR TR AR
BRALF. AT, ¥To0-SIEFEEY, HRLERY. EHEIREHE
SMBIEX H0.1-0.5 P FETRRG, 760.5 PAABIBE A, R/GHE 1P
T o ELR B A Bergman AREF], fATRIE MIhEHBOLHR KT E
BARABEERE T AMAYREDRNECERAR THAHSRT L
ERF RN R BT A, ROHBANELRHRERSE. AFER (13) HE,
BATAN XS MRE R RO AN S BNTOLER .. BINTNES, SEEF
ZnOFK REARLL, FEFMRIIENRE, ZnO-SiOHFEEYIRINEIGER
A B T ERMABEN, R T EANRARN.
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FEMFEAR KM EMRYL BREE  MOEHERR Zn0 FFSHRBE AR RN ER

3281 (@ o0 Zno
3.26} ® Zn0D-Si02
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UV Peak Position (eV)
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45 ' 05 1.0
(b}

0.274

UV FWHM (eV)
o o =
s B R
O

O

o
—
ik
*

0.0 ’ 05 1.0
Excitation Power (P)

5-4 (3) B# Zn0 SR BEH Zn0-Si0, H FE S WH IR eped b bEH MUK ThEME
. (b)) BEF ZnO PKEEA ZnO-Si0, HFEAMH KR ICEN 28 E T (FWHM) BE

- FHEERAhENELL.

Fig.5-4 (a) The PL energies of ZnO nanocrystals fitm and ZnO-Si0; composite opal as a function
of excitation power. (b) The UV FWHM of compact ZnQ film and ZanQ-Si0, composite opal as a

function of excitation power. The fitting curve is shown as solid line.

B 5-d4as tH T BUE ZnOGe K & B A ZnO-Si0H 5 B S WA R S R e L
BEEBRDERMTRMMAY. BRIVRR, FEFER () TUURESHSE
ROMEMSRETIERZ AMXR. BER (LR SEs-4aT MRS EBR

1. BAVELTEREIE E(0) = 3.377eV Y, XA KA SR A Hrak B HEE
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PEREEERAENLFLRY BEE MHBMET Z00 FHELHARRRMRNLA

HES, RIMALUABETHNER:
a, ~3.46x10%(eV /K), pP,~231x10°K,
a, ~3.46x10*(eV /K), u,P,~4.08x10°K ,

TN T Ie SRR R & o

Bl 5-4b%1 1 T HHE ZaOBI K BENZn0-SI0 A F R AW ESH K4
F¥RFWHM) BEERREERMMBLMIEY. BITRE, HER (9 7
DLRAT MO 48 S0 b B BEE MR B THER R AL IR SULB 2 S H5-4brP M40
EYIERRE. BEARREE RITURATEILSHE:

T, ~0.21(eV),

T, ~035(V).

PL intensity

00 02 04 06 08 1.0
Excitation Power (PD)
& 5-5 BE Zn0O FiK AN Zn0-Si0, B FE AR N TR BEBRBE U TR HE

4

Fig.5-5 The UV intensity of ZnQ nanocrystals film and ZnO-5i0; composite opal as a function of

excitation power, The fitting curve is shown as solid line.
BEInOHK R B A Za0-Si0H F E & W RS RAR S BERE B
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PREEHARKEMEEMRY BHE SRR 200 EFEHABRAHRNER

hEENTRLMEREFIET BS-54. SimAEC, RNRA, FEX 03
] LR B A RO B SR AT R Z MR R ATEA (130 T
R AL SES-STHBIEAMERRE. BHTRERRENUE, RIOTLL
BAETHXLSHHE:

E, ~0.12(eV),
E, ~0.20(e¥).

534, Zn0 AR B ILEMMNBR LS

%Tiﬁﬁﬁlfﬁ%ﬁiﬂiﬁﬂﬁﬁﬁﬁ% RANVBER T ZnOFF LALLM
Ko%K, EHInOHFEILE WIS & FEIERE W SBE IO BB A
ZnO-SiOEFEAYTR, Fibl, WRBMN ELEHESHHTRABESIOTFE
HLAHHIE, M2 U RMIBMT X T ZoOG KA BHE ATEERY .

B5-645 4 T ZE R BOEITHE T MZnOF FF I B Z R BB E,
FEIOBF MBI RS, KBRRESIR S ERMME, MAREREL
KILFEERED . BT LEMZa0-SIoFFE YA, In0OFFEIME
WES RLIEREE SR T EMRA R BR T W ENLBMELIR .

B5-7a87 T In0OB F S BRI R e SR RIIEZ MPXR. 5
FIERRAEED I, B REEN SHEHEL AIHEEERTFHENEXR. &
FIFAFER (7) TLMRF A ES-TaF EE. S4B TEY
R

a, ~4.49x10*(eV /K), u,P, ~3.85x10°K .

Bl5- 7ok th T ZnOH FFE A M RGEK SR ¥ REWHM) BHR
RADEZUTENAEE . RATRA, SWWAHEREL HF20HFE
LA, TR (9) RADURE IR Y RIMEIE T SHUE AT R RKZRLX
%. B AREEE, ROTURGTARESYE:

T, ~0.28(eV).



FEBZERKER A FARY REE MERHES Zn0 HAAUABEAREREW

P2
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PL Intensi

e

20000 - PJ10

) P/100
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B 5-6 TRRNBILIE T 20 /¥ SIH BRI EEABR K.

Fig.5-6 PL spectra of ordered macroporous ZnO film at the different excitation powers.
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5.7 (a) ZnO HIF £ FUMRIE S B R EBAL S MR N EZ MK R. (b) ZIn0 HFZILHH
(4% b ok JE B2 B S (FWHM) BERUE YT ZE ML,

Fig.5-7 (a) The PL energies of ordered macroporous ZnO as a function of excitation power. (b)

The UV FWHM of ordered macroporous ZnO as a function of excitation power. The fitting curve

is shown as solid line.
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Fig.5-8 The UV intensity of ordered macroporous ZnO as a function of excitation power. The

fitting curve is shown as solid line.
53.5. MHAGRE—SHITR

MFE (D TTUEH, ERENERNET, oE8X, HERBER
RIBOE R, NEKBNHESIEFT LR, 5Za0BFE K RRAHL
(4P =231x10°K), ZnO-SiOHF B AWRNZI0H F L LM PR H ERA
BB a1, P, ~ 4.08x 107K and g1, P, = 3.85x10° K ). FESRTIAIBE BRI

SEIRESIETRPLBF R, FHIBESRAREEERR IR EREK
BER.

At AZnOFFHREH P BOLREMAMN L FR? BATAN T L
FFEANREERA:

(D) BFRHRMBIEJTEHLLRER, ARSHESR, ZEREIXNHR
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FEHFEHARREG LSRR WHE MMM 200 FFGHABEAMENOEW

Hep £,

(2) ZnOERFZILHEHILFTE KBMATESR. InO-SiOBRFEENHEX
BRISIONIR. ZRATFSASIOMENNARBHA, FHEZnOFFEHIKLEHN
AL S N E R ZnOBUE 41K R K 0 PR

BITERE, ZnOFFEILMEHI#E SR NN L LZ00-SI0HFR &Y
&, EXRESMBESENELSIOEE. HEREMOFHFEZLMHIBAMN

HIHZn0-SIOE FEESWE M., XM RS M A BERR: ARy =20 - D)F

A4, RAHERRA S HOEMMBMNE LR, MENFEAEERLLEN
FISOEIMARL. B A X R Z ARS8 BT 5S0°CHst, ATRL
57n0-Si0, HIF L&YW, ZoOBFHIMEE EHFHE & RRAE R RS
Rxst. B, REIOFFZIMERHEIENER ERENEMIER
HEERBE, FrUIn0FFZIHE B I BNANA L Zn0-SI0 B F R &
YEK. hTEFHBERXANAEEL, RIOWENT —MRRE. EHTRRBRF,
RNAFEERBAERBARZBER, NIRRT S500CALEX MR, K
BERBMZInOF FL I EBEARE T FEH Z-& DO VA KR SRS
BE4%., 5RNBEN -, IR FTERBHZO0OFTFLTAMHH
(u P =421x10° KL ZnO-SiOH F EEMER T EREBOCIM MMM

FEHROBEHIET, RIE—SUET LEA=THRNHBiE. SRFE
Bs5-oth, RAMMBTER, BROHEEL Y ESBMMHRBMESTS om’
it Rig. HX4EHRTFLEEHZIoOR RAISTS o 4 A BEEMLOET
FHEAP, BATEEZ), ZOBE KR -MZnO-Si0H FEAYHISTS em™
P BEFETE AT TR. X575 em B SEMERAT B g, BATRIRET LIS
FEME 37 53 BIFESTS cm™ 1550 em BB Bk, R CA RSO, RAVHERI550
e MR @ W TTBE T FZaO R MBI AT A FHEADYY, B ASE Mg —
.
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Fig.5-9 Raman spectra of samples at the same excitation power. The black line is the experimental

result, and the color lines are Lorentzian fit for Raman peaks.

MER LR, $F-LO FFREAEMN LA LI EEN S B LR
Fik3, EX LO A FiRshiE= M N S E M B B BE Z W L0/ 10
R—AMETF-LO A FRABEFEHBNYEEY. MR SRR P HEBM -
BY LO BAFEAM—Fr LO B FHEAMIRSRE D W HEARRER 0/ L1 (X
LHMECRER 5-10 FHR) , BROBETURBFRABERET-LO B THEE
BREMNER. BNMT-LO BTREBRMSE L/ 0 BALRR. 78 510 F
FIH T WAL 8 AR IRIBII 15,0,/ L 10y TABIEHBN S RBHIBT-LO P
FHREEET, MXR. TUEE, YERNET-LO FFRaAEERRMN,
ENMREHARELEEART . LREERYERT-LO FTRASREEN
MERABELEZ MAEELEXR. IEMNERSER . LHAMNERR
B : RATABA AR AR B —EMT H SR SBH LR T ERME

. AR — MU R LSO B R T ZnO UK IR R S 2
WATHIH R
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Sample Compact ZnQ  Macroporous ZnO ZnO/Sion
T, (0'mev)y 21 28 35
Toeoylao 0.84 1.0 1.1

I(ZLO)I |(LO)

20 28 30 35
2
I‘ep (10°meV)

B 5-10 MBS RBFIAN Loy / L0 SABBHBTHAKENHTLO BTRE

BT, %R,

A

Fig.5-10 The values of 1, /1,5, as a function of the exciton-LO-phonon coupling strength

(T",, ) that are obtained by fitting the FWHM of the UV emission band,

MBAHRBIE R o HLTHRR Zn0 EIMREEIE R G KK
P BATCABOR SRR BT AT BRI o E5IWARZRABR S
HRFTBEN o EEpCY. B-, BIFEBOHRT-LO FFRESBEET,)

HELETAFR Zn0 EHEBIMHT-LO FTRAREEMENMRE (08761
eV) BN, XABZ A REER A LR P BT Zn0 SRS RTH X, WARIAED
ZAER T WTF-LO TS BEE KT R T Filin, §4E Zn0 gk 45,
ZKRPILL K Zn0/ZnMgO K1 £ B TR, A4 WREERMMT-LO A TH
HBWEHEEL Zn0 AAR/DMEE . Wang ZEAWHETEMBEMEEIFHT Zn0
4% REEMBHOETF-LO B Tl & R /N,

(1) BAGRRBHR-HEAS, RsBrEeRex ) REARNYEN
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PEBFEERCEG L PRI HRE MOLHRBRER Zn0 HREAHARR LMEMEW

AERE AL

(2) BFRBERNLSBNMB B TFERMAERE, A5IRETHERF
BHMEKN R REHRERERL.

BE, Bt —THRELENAE. RONE, X T Zn0 M8, WELE
PRIEABMMELREEEET B O TFHRRSRE. ARTMNOUSERPALL
B RE R R IARED FI R E = 0.12(eV), E, = 0.20(eV) ,F1 E, 2 0.30(eV) . X

E AP E LSRR B A AR ZnO A5 00 B BT R (0.060eV) KRE.

Zn0 BUEHKEIRIMGELEE (E ~0.12(eV)) SICHT A RERRETE

Si(100)# & 51 & ALK BRI L BEREERY . RIS ZCRRIVAERE. ZnO 41K
SR BB R R R R T L2« ZoO ZKEGH R A T8 /R AT
FRKZ A, FETRAGEE D REOKT RS RETRE .

SANRFHE, HTF Zn0 HFFELMEA Zn0-Si0, HFEEY, Bl
EHERINK, ELEEBEEENTY. Htt4a Zn0 FFEILHHEN
Zn0-Si0; HF EAWIOMIEHAES I Z X? BN RELRITEREE. Fid,
FERIEHIXERP, Chen % ATE 857K T KR LM ZnO KM W BIRTY
KRR RS TN A ER T RRA BRI AR S RE AR TR
HeRe . BAVIFEE Zn0 H L LA BT ZnO-Si0, H A B WS (LIt
KA RAR—ARAUR. £RET, BHESINEHAESR, BAELE
BT—NEASH, FHARABOBTRAERR. 5T Z2n0 FFEZAHEH
Z00-Si0; EFEAY. LEADRLHERAN, RRAERERKANAEEEH
&, BAT~pP+T,, FIUBEIELNEREENEER: T,~691K,

T,~618K . ZEMEHMBET, ERAIHMER (0K,7) ELAUSTH

A NRIB T R B REH 2(0.060 eV). FTLIRERESSBHA—HI%THEL
SR EABTBUSROER, FETHEBRITRERSAKRA. FHit,
S5HABERFHXOBH ISR TRBREE TR ZBET . XEMARRELL
R EAE GaAs/AlGaAs B F PR EIEL . FIAE RIE GaAs/AlGaAs BT
Brent), iR AR, BAMEREE B LS TR AT REREINE
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FEBEEACEM T EMRIT ERE HABYEN 2n0 HREHEABRAMERN LN

FRERERTF, FLEHAR TS A BRTHER LA EBREMRATTR
Ho Bil, st FRETH Zno 2KHHE, BHRIELBRCLSIFFATHT
RIIBE . BRERMNMF S, REEFOME—F, BENREER
BRESHTFRABE—H. EEMNERETERIHBE —PREANERISL
BE.

BIEAMIE, X ZnO KM EIRE T HRAITANHARR D, Hit, B
HBEY TR Zn0 SAMEERE THEH RSN FATHEAROER. AT
Bl X SRENAR, EREH PRI,

REDG

FEX—FEIHEM TS, RAMER S0, IRAZHEIR, B miliik,
% T Zn0 FHIFZ M EH Zo0-Si0 FFEAY . ERINFE BRI
B, RINKW, HERRIERA, Zn0 HFEAMEA Z00-Si0, HFES
PIETR IR ZnO BEHKSEBER T ERMIB MBI, HEHAA
LR AR IR R TP Kb o ELE SR i) RO I 8 2R o LA I RS
hER, RMNBLT—MIRMEBER, FXMT Zn0 HKM BRI
HiE, £ERABRALREEYABRYE. RONE—PRA, BT
—Br LO RN XS B2 LR BAIHT-LO BTREEE 5HOLABMN AR
AT ABR R FTRBHET-LO B FHREBE—, XMERE—FRUR
I TR ATATH.
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FEMFERKFRLEMURIL BAE Zn0 HFGHIMNILIER BB ENR

BAE Zn0 FFEWKIRN 8 BAHET A

BATHR T s TR 61 & 200 R B AH KIS {R3 B BT AOLECR L.
BAEREY: ZnORBAFRSTT om™ K3tk 8 BUH MG .58 LI R0
LHEREN ARKTES. ARMSEBERESEZAEREES. HAR
MRS, 577 om'' $LiRE 8 MGG SR AT MR RBEENEE. B
Z BRI E R 5 R — et pa e 1% TR R A HUCELR R 5
R 8 Mg 5 R ARG BB MM, RIVEMERE H5Z0REHARIRE
FHIX,

§6.1 IR R

B4 AE EWEEHRAARRTRAS, 200 LB REIERHABRHH
SERBOCBHBEEMBENEZ Y, 45, EHAKSEONRANE Zn0
HOGREHTER B, NALY, BIREHTSREsIR T EmEE".
HBR M BAR BEGENELEFARERME Zn0 FAMBHFEMHEREMETF
BPH, BARET AR TAER ZnO 4UKA B I EBUR K E AR @ BT ECSRTT
KRMA RN, (BREY Zo0 XA MK TR, 3 Zn0 HABR
Sitdnd 8 HU RO RB A TEE RN SR VY. SAFERBNE,
BiihZ, ROBAERERIRAGES SREBHHES AR, FLL,
Zn0 MEHR I Eb B A RF A S LR EUAE %, Bk, ZnO
WAAEHEBR AE S SR BB 5 2 XXMM RE —
ERRER. EX—SANTEP, RIFAT Zn0 ZEFFRILMEE
KR bG8 B . BRAOSEXETXHMEEZEBEEFEEMHEX
¥, SEMR, BRIGHNEES Zn0 JOKMEHISE L 580 e REMK %
St b K e . 1) 7 7E R IR I SR
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TEEEEAAFR LR BAE O AFEANRE SR LR

BAVER ZnO ZHHFRIAEHENTTIR N SR B AR THX
AR
(D ZHFFAAMBREFEEANREHR, HETUESESELES
fo¥efd. XEBEZTPHEASHERELEHTH Zn0 gk
BHRNERESRS. BEEZSTHER. Zn0 ZHFFKRL
MR —RE Zn0 MHEARERE . ZERTRIWIR 200 &
AR LR 5 KR (A Z AR .
(2) Z&FFALHENARE (328 nm) SR BARCMEEA
R R (325 nm)EH G, BEit, JRBOLRCRH, X
KILGHFBRAFFROBSER. MHERAHBHHNERAS
#18 ZnO ZRFF RIS TG SRAER, THF
FIFRATF T S EFABOEE AT
AN HTLLH 325 nm MR ABICRUBRERES, REBDZANFRNE
BXAFHEET Zn0 MHFREE. XF—FEFET L SEMEBR RN
AR S—HEERETREEESHERE, BASFNEINEESR
KRB BES.
RITHFA=ZFABFERITR Zn0 0K EH B BUR IS L%
g (1) HEEdaE. () BXLE. (3) BtERLH,

§6.2 WA R

BSIMBERZE (PS) BAHUMNRIEIE FIEWETAE. RERARAEENR
%, BREZENEFER A AR ESLEGTO) B 308 . FAMHATO)
SHREHEFANCAERRTREHERTI0H, RAEHR R BEH
Bt S e g IR ZE IMBY R ALK B — B LMRIE A RO R K HE . ERTE
BEERRBLENRHEI0EFEAAHEE. WAERBE (SCE) A
BEBE, BN RE (D). SEER0.0MMAIZnNO;),, BHIREET
AMEKZREEREY. BAREZHERYEK, EHEETFKOEKLENAR
ARSI TT AR S R AR SR R RE R R . BTUERE, KRB EREE
62°C, HUEHRTEE-096V. HTHBIOERF LAMME, BMIRZERMIEER
R ERREREEE R SSCCHRAB EBRERE MR, BIBE

110



FEHEERXZBLFARY EAE zo0 HESHNHRE B AT

TR B S e AR AR IR T dizo0gik @M. 54k, RAVER
RS % T AMZoOSK R, HatB R EET AP PRATH, WHiER
— AN

B & T ARAE FIISM-6700F % & 4113 /#5548 (FESEM) RR1E. #REHH
F R XS BATSHY (XRD) (Rigaku D/max yA (\CuKo=1.54178 A))
WK . AR 8 ¥ Raman) M ERMAETREE (PL) MUEHZED
LABRAM-HRIt & BOE X 1 8 i BORTR. T RIHUR IR A4 He-Cd#
B, BRI HI25m, FOERBEENS LMK RERN20 pm’ i, MK
DR mWES. UEFAMRSEZR TRM. SotRRAEBER
FHEBHE B8 EECR R, BRINEN mW, BREEASH

§6.3 4 RMiTiR
6.3.1 HRMEHRE

Be6-1 HR4SEMBE () PS BARM. (b) M) ZnOREAFH. (b) MR HE
TRFEZAMTSBEER. BFMARRE—MK.
Fig.6-1 FESEM images. (), PS opal template. (b} and (c), ZnO inverse opals. The PS template of
(v) is removed by dissolving in toluene and that of (c) is removed by burning. Scale bars represent
1 pm.

6-la R—HKARKEHZERERENGRYAKEER . AEPT
HEE, BELBBSBNRIEEHFHHFIE—R, BARREN N TELL
FHERREHK (111) FE. BEZHEABRNFHERKLAH 328 nm. & 6-1b
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FEMEEAKFE LS BAE  InO HFLHMANELT S BN TR

FE 6-1c £ FIEA P EEHEREREMSURRERBERERBM Zn0 FF
LA L REGEAPHERERE. ABPATLUES, LXBEEFFibH
Bty FLAMFHERALABE 328 nm 4. EBEFFEZ B K/MAHEE BLFE
BIMED, ENMNFLEARIMRENIAGHRZETRF TSN, ZKE AR
WKAERELEWHEEIREHAEREENFRNEFERE. AN EHE
FHERRBT Zn0 AREAGHBRMRER G T RREELERERBH
4.

{5 BhFE B 1Y) XRD #7541 BE A0 R AR, BREOTUUEE ZnO $K R HF 8
#37£ 20~30 om MTERAZ A.

6.3.2 FtiRH 8155 5RO W2 ) Wy 9 XK

120

(a@)|® 4000
100 H| *5
‘ 3200
ot
g 4 >
[ | N
2 2400 &
Es} =
: ——
: | ;
1600
S 40 )
n: W
20 ¥ o C 4 800
W p
D D
0 N7 LNt gey—rey—ml ()

600 900 1200 1500 1800350 400 450 500 550 600
Raman Shift (cm™)  Wavelength (nm)

H6-2 ZnORFAAENFLELME T MR B B ERRS)FNBCRAEEPL). ARRY
R MEE S . BRATHELZLAENHESR. CEBICERLBFMES. DRS0CESP
$E R 2 B AR 2 RS

Fig.6-2 RRS and PL spectra of ZnO inverse opals under different treatment conditions. A is
sample obtained by dissolving template in toluenc at RT. D is sample obtained by buming

template in air at 500°C. A and D are measured right away after the fabrication. B is sample A
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after keeping six months in air at RT. C is sample B after Laser irradiation. (All RRS and PL
spectra are normalized so that the top intensity of UV peak is unity, the same hereinafter.)

B 62 55T ZnO FKE MR BHGHE. MiXEiE P LUE R
IR P T ET . SR BB £ X B LMESFIBLT 577 cm™ 1150 cm™'
1725 em”. EEWET, SHRH S mST K B4 T TR AR SIEAA T
580 cm! fHE 44K ER Y OB EHS 580 e HEROIR SIS EEPAZ T Ay &R
% B xFdER Lo BPHAN, Rit, o —BHRE AR SRR
2. BRMREEIINESEHEHRKEESERT. B, Kaschner FA
IR R 5 BMXNBEERENHERT, AT, Bundesmann ZFAANF
RAMRA T RACRIESRT XA RERT, FIEM, Manjon FALZET
EHBRORERBRN Zn0 BEOR S E ARBLER. FEREN
fr @A R FHRAERY. 15506, BI1AR 580 em™ BHERIRSHMAMER
J3ZF By (high)TTHEHER .

BABEEAEPENM RSB MGEEEL L. BEZARN R
Fl. SRIRIEIEBIFES (Sample A) ABLL, ST m a2 AE RS (Sample B)
foFtIRT B HS R T Rk 25 K. —RIERT, Lo AR RN
ESHRNERFREMER. BRENBZULENTES, BANKELSS
FREARTERERTINOZL. Bk, BRAVARFES 577 om™ 18 HUH & 7] HERY
FiF LO BFRAER . XA 8 AUH W M X R S R TR AR K. BIRFERT
EELLENEE D, RF n0 REMRBERETHIENENL. BOLERLE
EZE R — ST 577 om™ 11 & 5SS B R RIS MEAHER AR R . BOLER
LG S (Sample C) SRIFI& ML, 577 cm” M BHSNEKS
B, BN ERAMNBOCERRMSE, BROMENRMSE, Bt Zn0
gk B RBA KT EE A BOLERC BT, EaAMBRE: #rERN
B8 ZnO FuKEMBEREH BB, BT 577 om™ R B HGTERNZR S
Zn0 MIRTRIEHER. BEBR Zn0 HF SRR I BEES BTN
SR B EGTE. EWATERALN, Lo FTFRIEAMEESHRNERRE
FEA%, EHSHEMETSPRERSERARMEE, LO A FRIHENN
B8 Y 1% AR . AATT A RAVBIRE R 500°C S PR BERE (Sample D),
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PEMFHRKES L FAR X SAE  Zn0 HIFAHMI R B M BHA

PH6-3  FRCRERE B & MIZnOFK S M BLA R &4 T MPLiE
Fig.6-3 PL spectra of as-grown and annealed ZnO films obtained by the sol-gel process.

MF Zn0 FRABHREHE, MAENCEHTT KBS, E4E
BEER. EPRERGRERLERAERET 200 FHESHGHY, &b,
HUHAEIN, Zn0 SXRF RN EEIMK, FRFEHEH Zn0
B, RSLRFETHEA—H, HTEEAEEREHER Zn0 Bk, BA#FR
REAHZHETO, BREEHRATERERPIEZHRE. XRPHA
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PEMERAAF I AL EBAE Zn0 HFEHRARERHEENY EHA

FHEE, EX Zn(OH), M BIEL Zn0 B%, 7L Zn(OH), M ZnO FRAIM
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Fig.6-4 The integrated intensities of green emission band and 577 cm™ Raman peak Vs.

electrodeposition temperature (a) and annealing temperature (b), respectively.
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PEHEERACFELEURT BAR ZnO AAFLSHMRE RESSTA
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FRBFEARAEN LR B RRBAEREN 20 BESLSETR

BLE  HITREHENZnOEBRZCRENA

X — 854y 1 B i A AL T R P RO UL T LB B I ZnO
B TR A IR T MIZnOMIRBROb L B A X
B AN R SR RS B S 8T . RIS 4 B B L URA00 °CRFRI
5 M Z0OMS R BRI ALE, SUI MRS IS0 R AHEFIRR. FIR%
REOE R AT HEES], SNSRI R R B T AR f e
RIS LR B AR B RATRMTIXTE MR KM 5 B T AR

£ (0) ARLE (0,) .

§7.1 FRABR

B EMEERR (3.37eV), KEBTRALE (60 meV), LLRELFHR
HERMENRANME, HHIREHTHRER KRS BENERRIE
844, BEHEXHMENRARS TrZmxEl. Al BAHZ, X
MEMRR AR — e SR T AN AN R A EMHIRER R S FEREN
REXF IR B B AETE B FOGIE , XL B & R MBI L BT B 2 R
g, REMATERESFHELTRT KBOHATE, BRZFHESHHHF
MR RSB EN A B LKA FEEES 0. Bk, »F
FALEEH R P IR AT R TR R L B T,

MR B GEE S TN LIEH BT X R B ASAFERE MR
RAA LR — S EHAXNER. AAEHABREEEE HBEIHR:
B WY RERFHEENEINELRY: EoB0 R 5HEEEMMBHIMT L
R4t RENTHA Zo0 TREXMEFCSRKHET, EENA Zn0 BRSE
HIERE R FUESMRREHENERFL

AL R Zn0 NN RERE N —&RFMERE ST 100, B EF
ik, %F 7n0 MEESKEERKEHEHEEHTEABTY . RIVXHS
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FRHAFHRKE ML FRL $HE  ARAREHEN Zn0 RS R EIR

K THERRRG MR RS RMRERTFEI Zn0 FEOLEHRENEW. R
EBNEFEEPEMREACER S, FHMRMLE 200 HEMHACLKE.
Bl In0 MEMBEREREH, FNHERS RAEHE, BTRER,
ERETHETR, Ging, XErEdaif AT —2nalfis, Bhe
BifE, (E, thd. EAEHOE, RTHRLEXEFREREK Zn0 HEX
KEEWMTIER D BilTH AL RE, ZnO WAL 5ERHI&iL
REAxl, FEixaiRks & Zno MERLNTHAERLEN. F,
TERTAMIBFIT, FEAEH Zn0 SOER S HE T M EMGIEE > %10 1,
FRXER A BRI T, BIREA b —FPEIAXT ZnO IEOEREH BT TR

§7.2 ZnO HEKH& ARIT

7.2.1 LRHWH

FRE R EER R B ETASEZ00ME, WAHKER (SCE) 4%
AR, FREATER R, BEMNELEFHEE JTORRKHEA,
K/M1Smmx20mm) B RM TAEBRTRE MK REE. REELET-1
SEBBAFER CAERRPEBEEERTI05 8, REBHZESRNE. BFE
EO0.04MIEIZn(NO: I8, A WEKKGIRERZ0.016M, BHREZHETFK. BT
n, ERMRKE R REE2°C. Fra A mkS AR R .
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Fig.7-1 The schematic image of the electrodeposition apparatus.

Hh 7E A H135-0.96 V (vs SCE) T ELIBME M ZnOB K — 2 #

121



FEBEEAKER LR BLE  BFRENEL Zn0 WHRES L REH

LR (WA200E(700 °C) o« HLBSFEEARSANEASN. ALEAE
RERERA CEFE BIFRE M E R T, MBI ER R B RE
H, MEZRMZSPERSY. HRNYRASREhBEXFEATHKI (XRD)
(Rigaku D/max yA (M\CuKa=1.54178 A)) #ik. H&iES &K EEUV-2401
PCAEIE R TR, BRI (PL) MIMEEEITLABRAM-HRILEBE
WX B AORTER . BT B8R SR A He-CABOL 8, BREKKA
325nm, BAMBRDEEIMWES., XAHRNESHRERRATRA T,
P _EFTA MRS Z R T K.

7.2.2 MZnOME R
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Fig.7-2 the x-ray diffraction patterns of ZnO films prepared at different cathodic potentials.
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FREEHIA ML PR FLE BGUREHEMN Zn0 MBS ESHA

B7-385 1 T AR B E T B Zo0405 S8 B B K 6 E 5 1 .
T2RRATTURH, LERRBERD, InOMEELEWT LXK HEHELS
BEZ WD I EZnOMBLES EMRBCI B REBEAATHHA. XKLL R
HHFIRE KR, ZnOMBEREN ARG EREE. RIS, LB B
FEAE R 6B T4 5 R RO MARE P SR A i S B0 L RATHMEF-0.96 VLR T HBL
RO ZoOMBHATH — F HIEBOREBII, BYRH AR T 6 & M ZeOMIRRT
HRF 88 . R L m X ST RATH R, RS AT, RATTLLAE-096V -
BRI ZnOMB P 4K R PR R40nmZER .
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Fig.7-3 the transmittance spectra of ZnO films deposited at different cathodic potentials.
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PEHFRARRF BT ER R RFRENEN Zn0 BB AR ERR
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Fig.7-4 The room-temperature PL spectra of the ZnO films as-prepared and annealed at different

temperatures, (a) in N; atmosphere, (b) in G, atmosphere.
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Fig.7-5 Annealing temperature dependence of the integrated intensity of the UV luminescence in

N; and O, atmosphete.



PEBFERKEN T AR #EE  RTEEMEN Zn0 BRZALRENR

B7-545 1 T ARSR T ZoOMB A9 K5 BB BIE SHAL BB EZ K
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B BTREHEN Zn0 ABEXRENA
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Fig.7-6 The magnified PL spectra below 2.8 eV for ZnO films annealed at different temperatures

in N; and O; atmosphere.
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FEMEERAKF O FMRY H-LE SABREPENZn0 WREALZEHAR
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Fig.7-7 Annealing temperature dependence of the integrated intensity of the A emission band in
N; and O; atmosphere,
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Fig.7-8 Annealing temperature dependence of the integrated intensity of the B emission band in N

and O, atmosphere.
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21 22 VSHREA (0) SMEMRHEEEMTEEERREIQ28eV): T

BRIEHEMIERIE(KYA 24 eV)ERAA (0,,) BREIENHIRS ZMITHESE
HHE(2.38 eV). H BB RATBITRR KRR E ENEK, B—PEANIE,
BRI &R ZaOBE D N iZEH —ERMARE (0) REMRAE (0,,)
e, FAXHHRERALETANFE TR, AURITETARERB
R IR I R R 5 & A — B

ARGIEMASBIE SR MFXRREIARMERE TIHERA0,)
BEHRRRE T ERZNER. RETANIE RODEXRIIE—EH,
FEERERE, HANNSUSROREESETRE, THUARRBIMRENS
ZHwOT, BARRAREEHETHERERY (0), HRXMRRIHL
BIREREN, AREMIRS RN ZEHR . XMER 5 LR T AR
EAREE7-6RINELME: BibREOAFRLEIE LN ALH,
ARICIEM R BE S I BRI Z MFTEE MR IRIEMAIXR.

BRI, YESAE R, REE (0,) REHHKESHERL
BEE: fiRemEa"), RIOBEBRLEEETRIA (0,) Bk, KR
EAMBR LA B R R A, BROGEMIRS BTN ZEIER. SALER
BEETF500°CH, RBRERSXMEER—H. HELHGHEEBE & TF500°CH, B
R I AR 43 IR P RS AL TR AR A TR, B SR R B B — 25 R R XU

3. ZiBREMHPYBESHLBREZ MHXERBENEKRK.
FERHMOL LHCBEFREN, THNRERNEEEASRED

0,+V,, >0,
B RAE (0, REREHREBHEERRA (0) RIGKRENRHD,
WRERARNERETHERE (0) 8K, MBRAMERTRAE (0,)

i, MABRGIEIRS BN E NGB ERENESKTEEEEEARS
IR RER D T2 RN LR & B E LN HZa0MEAE200°C
AR, GREELARICE R E; MZnOMAELE300°CFI400°CHAL R I A
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PEEFERARKER LRI LR RLREHER Zn0 MRZ X ERT

REESBRICIEILT, LREEERETS00°CH, ARKEESHRER, RMT
BRI,
WARTIECESRY, YHLBREF—FFRMNR, BERPEZM(Y,)

BREERREHRSED . BlMmChenF AR EE) L ASCHIE K R600°CH, ZnOF
G LEERRMABIRER (v, BIEMEED. Eh. S (V,) B

MRkEHDEASIRRUR (0,) RBRELHRD. Ll BZA (V,,) ®iE

DA e R SR B E B B T 600°CHBR M A REMFHERE. A5
EAKHN— AL, YHLHEBERT600°CH, ITOFHREBEEABRETH
BTN, ITOT HEMNH TR X5 EZ0R & A H M N K X3,
83 A L e g g
RENG
ERAFNEARAF, RITRGE M ZaOME 2 HIE200°CE]700°C 2 (6] H)#R
B AT T AL . BATH ZnOR SRR IRE S HAA B RUFMEE 2 A X Rt
TTREHA . ZRTHIOBHEMARR LS I EFTHAIEA: IRHENEK
A R AT NEE AR LB R ST . M EIR BRSO R USR], EIMR
AIBRE IS ERIE B BN T AR R M . BB FT R R kB BRI B9
M, R —HoE I EAERLER AR RIEER, MA—FHREHE
EEMLSERER A REER, £RAMSTERBEICRREER. R
iR BRI EMNSHEBRERSRMHXR, RITEFRXHANFERCESDF

EETHRE (0) RRLA (0,) .
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FNE BEGRRE

RIVERT Zn0 BR=GHEFIKEHME, TEHATHAEHE, F

BT TRE. WHSHTHRRIE. FRXMTAERRIEWT:

L.

BURCHA R AR AR, AT —RIKEIRZ AR In0 RO =HE
FaKEHEEMHE,

WA T Zn0-Si0, EARARM In0 REAGHIL KM BA BRI,
RUMBHER In0 Mk, BEEMRDEFE, In0 FFREHERTERY
PLABMBIALR . BITHIXLI IR TH P4 # - MRS AR
B fESCERE L, BAIBRYT —AMIRMERRERMTRESR. KW
B LY BRI
RANEREBITRENBH Zn0 1 577cn” Raman FRENIRE RGO R HRE 2 16
HHRKHXE., 2LEULRNEEERGHE)E, XFH RN
SREET . HERERMEEELARENOY, BEERTRBENRS,
W NARFRECEBEE R, XHEHEZ K. REXSEE, ]
FIAAIX B E8 R Zn0 RE MK E DX,

EiiEE PL W&, BATART In0 REGABT RN, REBHEN In0
A, In0 REAGRRMBERAFLESHERE. RITAKATHEN
BRRRE ARG ¥ B RN R RN . B EE
PL #IE, BAVHAT In0 RELHY- TR, RIELRIE PL KBNS
¥EZHAPL KBNS ERE B RIEL T RITEHEIREEL
ERTHET, RITER In0-Si0, BAEARMINEE, ek, o
[k it 540 Zn0 K EEHLBH B ERE. BREABEAH In0
SRR, ERERFHEACSHBTL. RIMERLEBARTHF
SHPARTR BT AS ES ERH PSR

7 He-Cd BAMAET, ELXTATFREUBNRNER, RIFAAT
Zn0-5i0, B & EAANAEITH . RBBAL In0 1K R AR, Zn0-8i0,
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HEEARMENTREREBHTRA. 75, BATRHABETE 4100m
i1 Zn0-Si0, EAFEAAMBIINBEMBEERBE, MHEHZE 570m 6
In0-8i0, HEBAAMEMERENBRETTB.

7. 7 00 REARTEETREA T ATRERN, BIFRASAAREE
HUEEHAT 00, BIUR Zn0 BHRNETH. RARERLEEHRTER
BOtEEA ILRE AL E RSB K TR, B4, BELERENE
FRAHB SRR AR —FE.

RERA MERIER RORBTINE R, RN IEREEU T E—

SEHNEN.

1 ¥RRAFR. —REFHHIMERBRATHAF RS, RES
B B, RS, EURESHTRAGMENLE. FRREFEHE
FRTHERMNAEH LA RELE. i, HASEEFRIM
Bt e ER N EEN— IR,

2. REFSHEFR. HEHAINEWERGTFEAME. W, BT
AFEAEME, BRGERAFEEHHESE. FTERNMRBHEEFHEH
TR AR R ER L, ZEfRdE L R—MRRMIHE.

3. RAER. BRERBOESB/IROROFAKGKEERERH, X8F
AEASRRE TR, RIS S BUNRAS A RAR KR KK,
FEHAZ (BXBFRMEPRERBT ) XBEKTEIMERAMY, £
BTEREE. RAXSEMNERFR, FERE, BERE ZXEH
wERBIREN.
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