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B1E TR

1.1 #FEER

BRI, BRARERTHIRBHICEIZ2DDEANLMITEDHEEINZHBICEEZHDOD 2
BEICHTENS, M EITESKELIZIBENARY MVamzRES., KENTES &,
BIZAZ 27 E LTI AEKST (visible radiation) 3% 0. BIZRZZWHEL TR
SRS (infrared (IR) radiation), &7 RS (ultraviolet (UV) radiation) 23% %, Z#1
S5OEHZIRIINF—EIRIFEEEMN SR (KE 3000~780 nm) 42.0%, I
(& 780~400 nm) 52.0%. $£54 K (3 & 400~315 nm) 5.8%. 7] U < (£ 315~280 nm)
0.25%TH 5. KEJtld, M LICE< EFTAKBEZEBRT 2HICI LI R FITX DRI
PHEED TS, TDD. HEOKBOM FIZ/E < EKERERIT 290nm TH5, # 1
WESKBADIRIINF—IF, BIRAZZAXICEZBDEHICAZRWE (TR E
BAJEDO) 1TX2HbDEMN, BLE 1A 1 0EIRICR S,

—h. NIBIEDH I N ALEARRE LT, SBKEBS 2T, AYINTAR
o7, Fv /2727, UV-LED. TF 2~ L—¥, > >r7oboriltiENS 30,
BERE. BrF AR BR, Rk, BEMOMR. L0, KRB, XFERED
ERZFRIAL T, EE. KEKOKRE, REHL, E&NT, FRER, WEROIMH,
FIR, B4R, #5F., 7+ NIV T I 70—, EERZVUE, BALFEMIR EITERIA L E
HEnhTnag, ZOLDIT, EARIL. EE. T¥ BERLEVWANWARSHTETET
*'Jﬁﬁérh'cmé ENCHIBECUIIICERA SN TNE 7 =V RED S NIEERARITIK

DENRERIET 2. ZOEOSBBEPORIMEBIIFTETHEAL., BLIIBED
éb)LiEW%%F'ﬁb@“ﬂaﬁ’*ﬁ%P‘O)ﬂF‘ TNBENDREIZRBE I ENBZENS,

BN BRIZOEEICE D TEFELU IO I DIZRAIND Z EMEN,

UV-A : 400~315 nm
UV-B : 315~280 nm
UV-C: 280~200 nm
7L, ERESOEEHEANETRZZHDHHB[1-1],

ERUzLDiC, BIMEORIAIE, EE, L¥, BERQRELHBAICRRE D IR THE
RELYEMATEOREEZZIT2RE. LAMEOELELEMT 2 ENTFRINS,

RO 7+ b I RINF—DNREND., AMEICBHLRERE RITT[1-2, T
HTHERLIEAD DNA DEERIETH 2. LMEDERT DNA (FFF V)RR
WBNEEOEE (752, V7=, b, FIU) LB U CENERoEE
SEAMEE L TV, BRTFNEMRMEATEESI NS KISIE. DNA ZEKEHNEEES
RIETHZ, FILEICREUIDER, 752080721370 DR LT
ENTns, @8, BRCIZHESTAZBRT 2-DOMFEENMREL> TS, DNA



DENREBEDE<IZ, EY I P UEENBRA LI/ oL I A TERAEMNRFNIND &
F I UREEMNHES bt:g%<%:>&47—>mm%éﬁmféégﬂi%@4wxm
FIUFAI—MNTEBELHEATLED. TNDWREERATH S, KBERNMRICK 2HE
ERI. TEOFAREOREICAKWIZRI>TWS, LML, AT (*J‘//\-/:Bi
JBALBER ) 1d. ANDEEZE#ERLT 2 DNA IZ CHAR—INTEBRINTH D, BT
DNA D 8JEafE THEMNTE, %&Ot@hhﬁﬁhLéﬂf“<&ﬁ/@%ﬁuﬁﬁéﬂ
REMEMN D D, AKIZE ST DNA BERISIIENMBEOBEZEIEAD—DOTH 5. ZOKRINZ
UV-B. UV-C TEEETH D72, &V U BOBENIEINTN S,

FUE (RREEA ) 1. KEN SN I NENREBZORMCFERIETDLS
N3, TV FOERARINANRY NVE, £EHOELRTF DNABEAXRY ML EIFIFE—
BT 2. D0, AV UENBRETHNIE. KB»S < BEMEADERLRTF DNA IZHZE DT

B85 UV-BDIFEAEE UV-C OETZRIRL TSNS/, #MEK EOEEWIIER
e L2 D, ZOF UV EINKENS DIRNREER L THIROAERERETFOTNDEE
A B

LinL., ZOREBEF CEnr7oo7)Aoh—3R 8 (CFC: @fvnol) i2k»o
THEINZICH TS, MRBETLZER CFCIE. 220 nm XD EEOEWRMEICHES
D& fREERIL. BEREF (Cl) ZXKEBICEHT 5. ZOERREFILCIOxH 127V %&
KL T &N RT 5, mBARETIE. 1980 EREZENSEE 10 AEHOL Y 28
DRBIGIZDIRVIREE, DED YV VR —IARAISN TS, BHARIZBLWTHEBERD
ILEE T U EHENEEICAOSND, £m FV U ERBIEIKLFICEEICASNS D
EMS,. ZFIZ UV BRAAKAPTHAISND XD IZRDA[EENH 2 END T ENRE S
N3, HRIZBWTHHRIZBWTHF Y 2 EHIEIZFRIE U7 < TR 572 WHIER R B
ETH5,

IS5, BARBBICHEEZRIIL. AL, BRRAF., AAEREZEZRERL CRAES
EHIERIT.

LhLERR7=X 512, 8IMRIE R R, MRIZERZAIES Fo Tha,

1.2 WFEOEHM

ATEI TRz & DI, BAROFAIIL, EE, T¥ BERIEVWAVWARSEFTHEMNL
TW3, ZOEDSBRBEDOERMEEBRETETHEARL., RATKBAOABRST AL
DIENBREBEOPIZHNDEVNIRANREEL DDH D, LIABRNSANKEFZ=DI21E.
ETEM TNIBEORNMBERZANDZENEET. TOBRICK > THERZILT
LZEMBBETHD. HDNI, SEABRREEBOLREBEHEO DI, AR Y (UV
oY) KLBEZSY—DPWATH D, ZOXDRIENS, . &2, TLTHDK
WOFHEZR UV L2 HOBENGEGE > TE TS, AT 2B E T TFRICENE



BEREZBETE DO, “MTHEER UV 22 S ORFEZBMNICHIEZfTo2HDTH
%,

WE, UV Hiid. Si. GaAs. GaP 2D &R ZERA W a3y hF—RH 30T
pn EFEESAF—RKNANSNTNS, LOALINSOMENIND RE v v TREL 2N
DT, UV HIHAT 254, ﬂﬁ%”%ﬁﬁéﬁo&mﬁﬁﬁé%ofméo%@t
D, INSOEY TIHENMEOAHZRET 272012, sl Ay b (R 745 %
HEELTWS,

TA RN RF vy THEERT, IHAZERINE TITERT 5O THREMIC ] EE

KIS D2, Ltﬂof‘%5wﬁﬁ®¢f%ﬂﬁ%ﬁyF?%W&—Ebfﬁ%f
Z5UVEHOMBIELTHELTWS, 20D, E{EHY UL (GaN) [1-3~1-6], B
fbEEh (ZnO) [1-7~1-10]. BEIEH V) 7 A (Ga20s) [1-11. 1-12]72EDTA RN R¥ v
v THEROENREENTRIN TV D, Ga03 13N> R¥ v v I714.8eV THSD T,
FEINBRER O Skl & L TfgEEI N T 5,

ZnO DN EF v v TIIZEIR T 3.37eV T, GaN &1F iﬂb@f%60_®ﬁmﬁéﬁ
BEZF370nm DT+ DI FRINF—IZFEL WD T, iIRINREE % 2 O R/A W IRIMRE
B, (UV-A. B. C) WWEEZFEDODEEZSLSNS, Ga03 1IN R¥ v v TNBLZE 5eV 7
DT, BLE 250 nm L DFEEOEVWENRICETEEZFED Z 122D, SRIMRERSAK
ZHAN—TFBDIEIRETH S, £/7. ZnOlZ GaDEIBL T AZINEFRALIZWED (L
TAZINT =) ZMTH2I1F0N, G<HSHERPCEEZOMBEL THERAIN TV S
:&#BA%’fémﬁﬂf%é I 512, GaN &0 10 EHHHBRRENDH 5 & hvbh
TV20DT[-9], BEOREFOLZRBRESTHHNBRRE FRETHERATS UV Ok
LTHRENRETS, F. 8B TRKENY A XD Zn0 BERNKASRIEICL > TER
éh%iﬁ’ﬁ@bﬁ]%@ﬁlh%ﬁ%f%éiﬁ’EOEOBQEFBMfBﬁﬁm
W, R, BEEEER, BRI TEFy U TBEHENEGLS, FEORWEUNES
NaEEZENZ, LEOZENS, AWFETIE Zn0 B#EEZEMBIE L TRD EIFBZ &
2L 7=,

—k., FEERUV L HOARBFEBIIE 2 ETHHATSLDIZ. pniERE, av b
F—8, ZLTAEERD 3 DiIcpiFons, BEERAL - ilRIN TS HI3aT 2
BOHREESDTNDHONEL, ABBRIIFEALLR WV, pn FEEE, a3 v hF—H#
EBFFREINEEE IO THRVWA, ZHEE (AW) DWhE<, 1 (AW) 2HBZ5H0DIT
FEAERN, AEERIRMEEREILEVWVAZAEREIIREZTESEE25N50D
T, HWAERETZICREFTH 2. BFOBEICZIE 1 BUFOREERETHLRES
MZEN, ZnO I n BIIBRSITEHTZ 2N p OB DEIELZDIIMD TEHL <. pn #ESH
DEMIIRETH D, 51T, ay hF—ROERIZIZ Zn0 BiESRXRmOSEA KL T
(1-10]. > a vy bF—EMEROBREN D TR S HIE Lz, XEEROHAITIT, F
BRERIC 2 DOF— LEMEBERE R T 2T ROTHOTEMTH 2, ZOLIH7Z



EmS, AR THRE Lz oG, AEER &L,

Zn0 OMFEIIH < MSRIN, UV 2o H L TOMESTONTEZ, LirlThns
DOMEDE Bt SHEERICETIHOTHD, TE. KEASRIEICLZEER
REBEESREONTINBESNDZXDIZR N, ZOX DB REROFMZIEES
BT EZRARS N ThRN,

AR TIE, INETHEDRRSNTI o7z ZnO B R OIRINRICREET 2385
HEHASMIL, UVE Y 2ERL TEM L. ZnO-UV S OERLERET Lz, EH
LB SIIFICARMZ R—E VLB NWTHERLZD D &, BHiZ28<T5/-0ICE
Z N) ZR—EJLTHEELIEZbOOmMAZRW,

KA XOBRITKRDOE DT> Tn3, B1LEIFRTHS, FE2ETIIUVEHD
BUK & ZnO B#EFO—MAIMEE, BEROBRICDNWTERS, % 3 B TIIAMIEDESR
IZDNWT, B4 ETI ﬁ%btﬂmﬁﬁmﬁmwéﬁﬂ HREERE, BHETIIE
57z ZnO B EROFMAAEBRME EERIIDONVWTHRS, 8 6 ETIIAELE
ZnO-UV o HEBOHERFHEIIONWTHERS, %7$Lif WMTH 5,
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E2E BRI EBIEERICTDONT

2.1 BN ELHOEE

BARE S UVE I ABERHOBD EFEEEZFERALZBD EIZKMNINS,
HEEHDOHDIZ, BEBACEOEREEULIDRZR T+ o IRINF—2FDHINY
5 ENBFNREINDHE, WHIOZ BB FHR TR (photoemissive effect) ZF]H L
EHDT HABFEEE (T4 M) OLIBREFICKEOGVWENZBONH S [2-1],
Ll AZZETENG <. &ffi. #EICE100~2000 V OB WEEEZLEET /8 E
DFEBENH D, FARZARIEAINTVSITRE/RN,

—4. ¥EEZAWVWE UV 228103, AEL % Zh, RORVLSEHEROT, BT
IE<HERAINTVS, EEBEOIFINF N RF¥vrv T (E) KDBKRERT+ 2T
FIWNF—ZREDHNEERICY o EZICETEIHEBHR (photovoltaic effect) % F)
AT2HDE, ANz ozEZIEEROEENE F 28K, I EEIR
(photoconductive effect) ZF|ATHIHDELIZHTENS, BAEMICIE. & 1E TR/
pniEAE, T ay bF—B, ZLTHAEEEOD G, §1 2 FLEEHR. 3 BBAIEE
BHREZFIAL TN,

TNENOHESEENERZER 2-11ZR L7z, pn#ESE (K 2-1@) &, pnEED
ETEBEHTHET 2 AEBEHICIDRNSBIRZRET 55, H2WILpn EEZ W AN
WNAT7 AL, BZEBEBICANLEZHICLOEELZF Y ) 7ICE> TEMLZERE
BHETH2HDTHD, KEFOHDIIBREOREAEEZFEAL TS, >ay bF+F—8 (¥
2-1(b) BFBEESRBO 3y FF—#EZEMAL T, pn EAEFEK, ZZHEERTE
CEEBHICEDRENIEREBRETEIN., HE2NVIEBWAHMNAI T A FTREELZF v
TIZX DWW HABROEMERET2HDTHS, AEBER (K 2-1 () &, FERKIZA
PHUZHICE > TRAELZF Y U TICE > THEERNEMT S5, WODSEEENRZF
AT35bDThH5,

HEUV L HIZEERZANZHONASERAINTED, FDIFEAEN pn #EEH
E2ay bF—BTH3. INSORDETFIFusdH 2 WIZZNLL N OBD TRNFFHRE %
RN, ZHREREITZ1AQWLTFTORWETH S, —H, HEBRNI IS EHHEN
WCREBRREZFEDN, RERENES THEAMICBRZT-OINEITHALEZED S &
MDisinoTz, DI, BAEARITLA (CAS) ZAVEXAEEYLIL (74 L) A,
T LV EEmEO BEEEFREECHLT OB EAMERER EIER I Nz IEH. ki (PbS)
Ptz > (SeS) KEBELIV2- 2]1MFRMBOMBICERAINTNEZDOHTH S,



SEmT (a) pni

mop
i

S (b) a v bx—H

R&R

() YeEFEH

2-1 UVt HOEERHEK



2.2 PERENGE 2T O EHEFEE

REORMDIZVERBHIZNS RF v v 7 (Ep) OFBRICT + b2 TRIVF— (),
K ) OABBHINZHEIC, ANFEERTRINEIND ZDITILROBEBALETH
3,

hv = h(c/A) Z E, (2-1)

ZZThIT T 7 DER. clddtd, viZHDIREEKTH 2.
L7zMo T, ZO¥ERTRNINDHADOERITIKRDOLDIZRS,

A (um) = 1.24/E, (eV) (2-2)
FRTEBOHBEOEEEZFICRIGGEE SIPATNS, PEKRKIZAHLEZT 0T
FINF—1L, MEBEBFHELSBTFEEEFIIMET S IR F—E L THESIN, T4+ >
WBHET 3 (RXan3) N, BEHICERET. MEFHICBHREL,. TROBETF—
A ERESIE S,

M 2-2 13, RIETHRRZ UV EHD 3 DORODIRINF—NREFIINERLEZDHD
TH5, K22 @ pn#ESE, WIFTay hF—HOIFRIINF—NLRKKT, £550
RMENT RN > TWBERD. WHID S EZEEEMNEEL. ZOHMPIELET SN
BRANELLTCZORATRNEINZARICK > THEL BT - EAN (HHETEHH
Ef. FvU7) 2YHAICEN L TEBREL, COBHRZRAET 2 ETHERETS,
H3WE, BZEOBERZRDSD ARNICHATETEZMZ EAHRNA T R), AR ED
RELEZFYIT7Z2X0ENCEDTEBRICT R EN—RIZESENTNVS,

22 (QRIHEBRHOIFINF—NCRETFTIC, (2. OEELT. ETZENEFELR
W, TR0, ALERETIIFEAMOBHORNIIEFEERT, ANRNIN/ZTT
HERBICBRIIENZL, LHL, AENSBEEZMZ 2 END RBR—4RITEE, KXT
FELZEHETEBHEAZEWVICYEAMICEBE L TERIIFEND Z &1k, Z0DH
B2 1SN BEEDIT, REERTIIHD AN HMEEBRDOBENDHRIIEATH S
2, D 2 DORTIISED AF AR & BIRDWENDS AANEIR—IZ/E> T3,



b))y hF—H

hv, @N
(—) (+)

MC_D R

B —
(0) M TR

22 UVEHOIRILF—ND K



HBABRRB T b OIFRINF—NRENDTIEEALEDLERMETRIRINTIHEF
WICEFL, BEHICBETERETD, ZORELEZF YU TOEIEI T+ b ORICHFIL.
HRANRZEHRICH ZENHKZDOT, INEANRBER, ABBERICL > TERICEZ
TEHAIL . RABRERIET D EMNAEETH D, L. N RFr v TORERNnE
BARTRABASRINT 20T, HAHDZ2NVEBRNOAENXD FTRIMEERETZHE
IR EFRFICAT R B RE L. RN DONa<ikd, HEHRTKRGDEZEIDEFON
> RF vy TORE SEFAHRI~ A ELRBITHIET 2B DT, Si (B 1.1eV), GaAs (Ey:
1.42eV). GaP (E;:2.27eV) KU GaAsP RO HDOMEAINT NS, TDD, FRIME
DHZERET 272D, Lo YOXAFEICAENZRINT D27 4 INFELBEEL TNV,
B 2-313 Si D pn #EAE, GaP &R GaAsP % a v hF—H¥ Y ONoREREER
LEZBDTHBI2:38l WINOE Y HREABICEVWREZFF > TWT, SINREET
TTEREN/NI WY,

0.7
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05|

%aq

B :
02}

0.1

i i i | ] R | ] 1
190 300 400 500 600 700 800 900 1000 1100
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(2.3 MRINTWBEERNY SO HERERM (2-3

10



2.3 NEFBEIY YO NMRHEE

MBI I N TR NWEEKRICEEZMZA S L., BEHRETEETSF+UTICLD
TREER (g MRN D, KEBET 5 EZHUTHKRER (L) MNboZEBRINKN S,
ERATPRSN

I=lg+ Iy (2-3)
THb, AEBRY Y OXMRIFERIT, ARNEIEERITHEN D BR, S5 HBRZE R
W, X > THRIDEERIET 22 &TH 5,

22 DL DIT, BESEIMINZAEERZFIENRBNINTEF - EALNFREAE
LTWBBEEEZ D, BRIIA—LH#EMET 2. BROAFN T+ b2 (N) EREKD
BT EAXNNERRETEZHDOET S, ZOBET —EAMNITH HMEHE. BES L THE
T2, §7abb, BEHOBEBTFNIRINF—2Ko THEFHICHRI N/ TOIKREIZAR
D, $Fa<ind, FrUT7ORENSHKE TORMEFMmIER (1) EMATWS, &
29 BHE, BELEBEF-EARNEFEET 28 ) 13,

n =Nt (2-4)
EERE B,

FrUTENMER () CXo TEWIKAMICBE L., KEIR (L, MNHENd,

DEE, BTEEZn, EFLEEZpTET &,

n=Nt, . p=Nr1, (2-5)
THbd. ZIT 1 T, BENENETFLIEOFEMTH S, RELIZEFEIEEZERT
x£7 &, EnTnRA0LDITR 3,

Qn=eNt, . Qp =eNT, (2-6)

ZZT, eldBRIFZETH 3.
NEBEVICK DR FHNEBOBRE, BEBERELET 2 &,

E=V/L (2-7)
THh %,
BF EAOBBEZZEN TN, Eu, TRT & BEWQ,RUQ,0BET I ITTNEN,

Up = tnE | vy = pyE 2-9
E72%, Lo T, ERiER (L) 2@R7T 20ICET RMIZTNEN.

ta=L/vy . t, =L/, 2-9
EWB, FYUT7OFMERININLIODENEF YU TIZEEL 2 RFEBEMN S B O
SN, BRICK > TEERNOBEZBVRL TERICKRS. Bl 1 BH-00@BRE
BEHETHDNE, BOBELBEBOAEILRD, WAL, ZOLZOHRER () 13,

In = eNt, X (1/ty) + eN1py X (1/t,) = eN{(zn/t) + (1,/t,)} (2-10)

BFEIEAOFMERZRLCELTrTEL. X 29L& @-89ZFANS L,

11



Ipn = eNT{(1/t:) + (1/t,)} = eNT{(unE/L) + (upE/L)}

= (eN)(tV/L?) (un + up) (2-11)
2%, ZORT. RYIOHEIMDOEIZBIIEIZBET 2B DT, FNLUIND 2 DDOFEINDIE
BB R FHEEICRT 20D THD, LREL, =eNGEES &,

G = (t(pn +pp)V)/L? (2-12)

MESND, CEHEBOFE (gain) SN, KXo THEALEF v ) 7 INEDFHmEE
MOMICEBEBEZBABL TABRICTFSLENEXRTHDTH S, —MRITTDMHEIL 1
EDEFEMICKEL, HEBREL Y OZRAREIXLKICA > TERETTHI EITKD,
FEEICRERMEEZBD ZENERBEEZZ 5N,

EERIZIE, 22 T3 Q)DL SICHEBROIHN D, BMERVEETESLIS50W/NS
TNIE > HBRIIABHROAERMIT I ENERZ L, £z, B HOREE L THE
TEEBIRILTERT I EDHD, TOXIRBHITIEERIVNS WEESMBNEFRITH
%,

2.4 NHHEBEBHZROBMIZET IV

X241 EMEF v U7 ICKBHEER{ZEMAR 5 DOBF/ICDODNVTHATLET
IWHTHB2-4, 2-5]l, HBBRICIIKOX S BBEDOEBEEML TS, (@) TIE2D
DBV T — LAHEEMZELTWT, 74 b ORCE > TRELAEEF,. EFLOEAD
Fr)T7MBEBRICL > THMEIIBEHL THEBRICESBEFERL TS, EFHDNIZ
EFALMNBRICEFELZEZIC, ZNETNHMT 2EBNSEF. EANCESERICHG S
N (KO HBERED) , BEF L IEANEZEAEST 2 X THAERMNANDS, ZOHE. FIEGC 13X
AIETHENWER @ 12)T bR TERZ SN S,

G = ((n +mp)ev )/ 12 (2-13)

WA, ZHEEID BBIENRKEVEERZ OIS NFBNAREAHHTH 2,

(b) T BEIF—LMHEMT, (+)BRIEFLITHL THREZRFDEMDBETH
%, (a) DFHEFEHK. BELEZBF. TAOEADF+ ) 7TNERICK > THAIEIZHE
THRFERL TN D, BFN(H)BRICEET 2E20 L FICEANELEAEERFITH
NITBXHN T EHERFT 5720 MT 2(-)EBEBMN 5B FHIECEBRICES SN THRAH
2 FERL TN S, EAMN(-)ERICEREL TH(+)ERMN S EFALBERE TN NO T,
ZOBMBEEAE L THRT 5. EAOBHENEFOTNID /NI ETNIE, Fv
7 OFMIFIELNER A ETT 2HIC/2 5 DT,

T=1%2/u,V (2-14)
E&RIN.
G=(pn +pp)/ 1y (2-15)
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Eb, COXIBBERINEERODBEF L ELOBHEDENICL>TELZHDT,
FBCII1 XD REZNHDD (a) DHFEDIIICKESB RN EOMETREFOES
FENIEFLOZENL D HREF W,

(© B2DO0BMEHF— LA WEMTR. Fy U T7ICH L THEEZERT 2BE5TH 3,
(b) OHAEME, BELEZETF, EALOEAOF v+ U T7NEBRICL > THREITBEL T
HBIRIZ/RZH, BRICEEL THHABENSF v 1) 7OHENBNEETHS. 2D
BE, AT+ F Ko THELE—HOF Y ) TRBRICEET DE T THEINS,
FIFGCIIHmAKT1 TH 2,

@ 3. (DBEBRIIBFICHLTAH—LHEMT, (+)BBIEFICH U TEEEZFKRT
H5HBETH3, FLTHEIZ, 7+ bR THEAELE—HOFXY U T DI BEEFZIFN
BE}TET, FANTSIHRRMICN Sy Ta3NEkFERL TS, bIy 73Nk
FEFLIIEEMICEZES Z LI ERW, ZO20D, ABRIIEFICE> TEIIN S, &
FII b Ty TINFZIELEDOBHES THE T 208, ZOERIIREOEBTFIZHNT 2 HER
FREICKET 20T, IR NS ITNEEFOFMT,IZE<RZD. Lidt> THIHRGCIE
RARDLIITEKRIN,

G =t u,V/L? (2-16)
RKELT2D, ZOXIBRHEREZOMETRONS., BEBHENKEWEERTRHENKE
<EFRTHS,

@13 @ IBNT, (HEBERBBEBTFIH L CHEELLS> TWREATHD, HEEBERD
RTEFREINBETES, ZOLIBERITIFIEOZEMEBRVEIMELEEHIVED LD
WERE L, ABRIZ0IIED L TN,
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24 HEBEHROMBELR 5 DOETIV
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2.5 MRAIvHEH

HEh (Zinc: Zn) 13, $M X v F . BACHEBROGE., JLHEGREOMEEL T, H#
ﬁ¢f$%Lmoﬁbyuthﬁ%énfméﬁgfimm%%f@é[2@
BE{L#i%A (Zinc Oxide : Zn0O) 13, BHHEMKEL L L TRECKROEDFEEHIZANS
NTWBIEHN, s, EEGOFEBELTHEHSOSFERAINTE A ARICEETRE
BWRONIBMETHD, BIZ, BFMBEELTHETFEE. NUZY, BEET/NA R,
FEheHREIERINTEZEN SHEEREE L THERLINTNVS, Zn0 13X
oo I-VIFE(LAEYEEARD 1 DTHH0, &BHESMOBEIY TH D &0 SBIEMEER
BHDNIN RFY v TWENDTTA RN RF vy TEERLITITN TN S,

filimmld B 2.5 (@) D X 5 /2B D N H %R (Hexagonal system) T. 7)1V (Wurzite)
TgEE L5, BEEGMI4AARTRIN, NARMAZFDREORICHIST 2 8%
B EIFN, o> 3 ADENT ¢ BCEAL T LT 120 EOAZRL, ahiclidNns, K
2.5 WIF7 VY SRS DM ERZRLZHO T, BIRLERLB AVWIC4EOMR TR
FICHENZ 4 BMNEEZRL TnD, ZOXD BHEENS ZnO #EEIZR AEEFEDOOD
THICARSDITSN, KldNTnD, 25 @QICHADHHERLIZ. TOHRT, c iz
FEBHLETOMIE cmEMEIN., ISIFZIT LD (+c#hAm) N Zn THRImINTWS
ELTCZOmIZnm (e) EMEEINS, LN >TRUOE (—c@ism) 13 O THKim
INTVBZEIZRBREZOTOM® (—cm) EMIND, cHEld. Znmd O mHARD THIE
EIIEN D, c B EITRAD D B, AAKOMEOBIEICHAYTZ2HII m @, AAD 1
DOERZERIIL CTERAEZHMAZRZET ¢ I EITRmT a @EREEIN3. Ihshh
H5E2ICmmAD a@AHERDHDN, TENETNOETIZZnZFEOREFEIIEKEFEEL T
"D ZENRRN-DOBEERI RN, 20D m A, a mEIEMEREMFITNS, ZnO T
W, BICX - TERZBEEMERIND [2-7],
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(b) ZnO #& & DECHIAEE () ZnO D fh & @D #FR

2.5 7ZnO DOk IS
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TA RN RFry 7HEREPINEBIN TS HDIZE. AT LA (GaN),
Bt A7) 7 (Ga20s). U2 HA—=)NA b (SiC) 72 ENH S, ZOFT, GaNIZ ZnO
LHREREBECBTER. N RFv v TRELTNZENEZ N, GaN 1Z T TIZHE LED,
F& LED OMELE L THORTIASFAINDDH SN, ZnO IIME FNRR TS fiR#kE L
BN BEVNFAREVEESIRINF—Z2FHEO>TVNEED, BAPROSVWHE FRENLBE
ZHATES, 20D, GaN XD HEAHEO SV LED MEtE L TSN TN S,
IS, SRBRHRAMBRTLED NERTEIEE2EZDE. LT AYINTH S Ga DR
MBERIN, L7 AZINT)—TH3 ZnOLED NDOHFEDH KEWN, SiC b EVWHEKI N
TEM (28], NT—=FNA AMpLE L THERENESR, ERLIN TS [2-9],
Gaz0s I3FmIEMZENHES, /NT—TFNA ZANDIERIHAENEE > T3 [2-10],
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2.6 B rHNEREREOELE

LRI, MR DM & I N7z ZnO MELOEEIZ. MKRIK, BERsk, EIE, s, &
THolz,

BfEE Zn0 13, H&#). Scharowsky IZ& > THRESI N AETHERH I NS [2-11). F—
EMOEFKTZIn AR ZEZERELKZDREGF v U T HATHRIGBICHEL., £IIXH 2%
KD O A EDRIGERWZLFELKAR#®IEIE (Chemical Vapor Transport : CVT) THE
SNz, kBRI EECTIH oA, ESH em. HE 105D mm & WD AT &
DHIEVEHRPLV R IKTH o2 TDOXH/MZn0 BREFEEFERL T, ZnO IZBET25%<
®ﬁ%£%ﬁﬁéht[2m~2MLﬁm#6®WEM%®%&Eﬁ§m6hT EEE 2
1O TFREOGMERKENFEONTVSY [2- 5], #HEMERUVEEEN TRV EEX
5 d.

ZnO OFMRM S s 2 ER T 5 Hik (BEBRIE. Melt Growth) bk s5NTW3S,
k%FTTm%m ITBEN M?6®Tumwréﬁxémmrﬁ®TTﬂ@bTﬂ&

INMHRERICEND, COAETRRERENEFITERS, 41 >FUEOKERD
DHB/ELSNTNEMN, HEEENL TS [2-16].

AL TR L 72 Zn0 BRI, KESERRIE (Hydrothermal Method) (2&k > TES /-
BDTH D, KAGHRIEIL. 100 FLL EBHFITNS AOKBDOEGEICHAA SN TE 2 HIET,
B2RERRERICHERL., TECSNHETHD [2-17), ZOHEZA W Zn0 B
sEE D AT, 1950 £ 4/RLIZHK[E Bell Telephone Laboratories 7% & T/2 & 4. Laudise.
Ballman Z#SEOKEIEIE T T 4. FHAB, SSXRBEOSEEATEENTH o 2
ZEEREL TS [2-18]. ©AETIE, REKR¥EOKE, BRI REOHRENRI &
Ronzn [2-19. 2ok, Rkl MENFEM OBV ZHERT 202 <m0, RO
NEDHBEHIFZERANTZn0 ZEFRL . EEEEOEEMREMHBBFBEICIDOVTHREL T
w3 [2-201,

LML, KESHKRIEIZELS ZnO OFRICIIA B OREZET 5720, FORHEDIE
FEiMRIIfTONEho/m, LIES< LT, REBEKAXE T, BHOGMEKEE
RECTZERL, 2 1> F2BA2EME, SREOKRMBHERZOIEICRLE [2-21,
2-22], FENSOBEREN <. FONTICHSBONR(S 1 F—)2REL. Z0h
THERT B LIk TEfiEEZEE L,

(K 2.6 IIKBASHRFOMEEEEZRLZHDTHS, A% (Pt) HWONFANEOEIZ
JRELD ZnO BEtEkz AN, A (225514 Y—) THEHKENLA UL (KOH). KEE
£ F7 4 (LiOH). #iAZEMZ %, NEODEEIZIE ZnO @E‘ffa‘%é Pt 714 Y—Tm0
FiFf5, ZnO BEREARDBEMELE FROKMEEREROMICIEZ. ROBWE Pt BNy 7
IRMENN TN S, 'I)EZS%&W%&@F‘aﬁkbi?ﬁ@k#%ﬂbh’ﬂ = im e £ T H NI HE
BIZERNIMDMETZNK D IZ78> T B, BRREHIT 300~400C. 80~100 MPa T® %,

18



BRREELD bERBTREBROBREZCPESTEHI LI > THIREELC I, B
LICHEMNREL TV, RIFETIE, ERILFILAIMTRIICIINOMEIZMZ 5 2 &7
SHEHELU-BHEGZ ) O R—Tt&A. mEEH) 7L (KNO2) 23 5I1I0A5Z &icko
TE#H (N) 2R—EJLIE#HEZEN F—THREEFATNS,

2.7 355N/ Zn0 BfEGE ETNhS/BONT2 1 2 TFVINERDERTH S, &
FEERD O mICRE LSS (—c i) Tld. REVIHERS TREEFT D Fe. Al72 E DR
MMPMBERICEE > THRET 2720, OPKREICAZ S, BEANSBENDITLZN ST
ZDEBIZEZO> TS 2N, BIEIXMEW., —4. BfEHEO Zn @IKRE LIS (+¢
i) TIIAMYNEFRL TEELS ZERDR S AHMMBEMENERZHERERD, —c
I TEIETS W, RELZ#EEZYE L T CMP  (Chemical-Mechanical
Polishing) WHEZ{T, 2k s, TN 6 H KD XRD (X-may Diffraction) OvF 27
H—T7 DO¥fELME (Full-Width at Half Maximum : FWHM) 3. 18 arcsec.& YD /N 1Y
ETHoERESNTBD., BRENFE GV EE2RLTNS [2-2] AFF T,
Zn0 OHAEBERMHZERT 2720, HROGW+c HELSUDH L ZERZEMERHL /2.
EHMENSGVWERTREBRO NS VWO TERICABREBR TS ENTES,
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2.6 ERIARTE X

2.7 BRINE InO BEERRUHBEINZY INOER (HEERWIR) ZRZED
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2.7 BALERSE =MW CEERMEINR T > IR OHE

Zn0 OREBEMSL H < NOMEDOHR RIS Tz, LML SHOMEIIM A, Heks
R, MiER DD NIEEREOHAB ERRICITONZ /20, HERR OB D& A K
DOEMZONMI>ED LIZWEAMND - /- [2-28,2-24], T D%, AlE Tk R7zbFES 6%
FEIZE D TZnO OEFESZNEENDLDIRD. ZNLLRTOMROMKICET 2L DT
— &3, HRHAROZLENRKENZ ENHSMIINE [2- 5~2-27],

WERFERICAWS N BRI, #1213 Thomas SI3EIH mm. EF 0.2 mm DAL
fEHRFE SR E AW TR ERM [2-28]CEFOFMRMEZITO TS, LAAL., Th
5 DI TIZFERAV/NS Wiz, O [ Zn @Z XF| LzRIIIThbR Thizh, £O%EL
o< BREEEENEONRN /20, HARHETERLE ZIn0 EEERAWTHEE
BICE T H2MENTTON., ZnO OHXEBRMHICE F DX K2 (adsorption) & fi B
(desorption) WK E/RZEE RIFL TWB I EMNHASMIZI N [2-29~2-32],

KBABRIEIC L > TREI TR MER Zn0 BEEMEREINTHREIND &, ZhokE
BHKDERSH LA S5/-. Masuoka 5. c BIZEBICYIDH L2 c MEEREERD O
HEZnEZENTNDODNHNEBRFMEEZRR, 2DO0HOFHFENKESERDZEE2HS N
WLz [2-38], LAL INSOEBEHOEHIRIIE TH 103 Q- ecm BET, UV Y
MELEL T g L EEY TR o7z, Zn0 BHEFEDEFIEEZ®mD 2 M T, KBAEGRIET
BHRAICER (N) 2 R—E 7 ULIBERENERING, KABRIEICEO>T N 2 R—
B2 LzZn0 ICET2®REFIFEAERL, HREME, BRERVN T MLI Xy B
BEHICOVWTRESINTVWEDATHS [2-3]. Bif. KBEERIEICE> THEREIN/ N
R—77Zn0 BiEFZOHEBERHFENFARNSND X D127 [2-35~2-37],
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FIE HEGIE

3.1 fEMT % Ml Sh BAAS SR AR O R-Af 28R

3.1.1 X&RMEfrHlE

X #&E4#r (X-ray diffraction : XRD) k13 X i@ &k @ MEMEICRBE LI, JFHS5H
ez XBORTACBENMMEOEEICHE THD I 05, TORIF X RERET
52 EI2&2T. ZTOMEDEREIEICHEAT 21ERE B2 HIETH S,

fEEIC X EBAH LZEE, XBRRIBESOSENSHELINS, HEMSHELINZ X
BIEIZ, —MRITEEOHATIIMNANRESZOENENHBHE LI VEREENSD
FAGIREOLRE, LML, HEREDHM (AED) TIEIHELENT R THEDHI, N
A XENRETSD, K311 ZDHFERLEETIVHTH 2,

3.1.1 #EFEMICK 2 XD [T

KDL DIZHEFEAER (d) OREEICEERE D) O XBVAHTZE, 75 v 7 (Bragg)
OREMIINZ KA Z W= LGS B NE L 5,
2dsind =nA (= {TE%E)
T ORXBOAFAETT I v 7 ALRIEINS . nld RS (EH7) OXE &I n=1, 2,
3,: +DEEELED, XBROEE () BN 0. O@EMNEIEINNIEMER (d) 232
EMTE. MEORER., MWENDN D THWBFHITIFBE L TS HEEREIRETE S,
I5IZ, OvF T H—7 (0-rocking curve) ZFBIET S I LICKDERBDOT L DERE
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Z B EMER, fEEEDMA RS,

EBRIFERAIN TS XRD BIEEBOERKOMIEZX 3.1.2 IR L. XBE—AEK
HMEHTE—LA SFRERBHCR L THECAE (0) TEET 22X TNWS, ZnO D c
mcBF20vF 2 FA—THIET. RIIWCY > TIVZAT—II12Zn0 EGRENZEE L T
(0002)dH DEHFREN R RIT/ZB X IICOZME L TIDAEZ 0 &L, RicIhnzd.ii
L T—00 ~+A0DMET o #hEDHOITNICEER I B TENICES EIFREZRIE L TRD 2 H
DTH5, AW TIE Philips X'pert Material Research Diffractmeter Z{#EHA L /=, X #
X CuKa 2 CTEEBIE 45kV. HEEIR 0 mA TRIEZB T2 o7z, ANBIDIEERIZNA
Ty bR/ 7DOA—H 2 [\ E,. ZHRED ANIEEIHT X ROKERROFEBEINZ 2
=DIZ0.09°D EATERI) A—F—ZFNZTIERA LT,

NS
AT~ (wih)

X 5

3.1.2 EERO X #REHTERE O
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3.1.2 AFMIZ X B EHEBEDEHE

JF 7 A 8MEE (Atomic Force Microscope : AFM) &, 7 O—7 A BREICIER T 2 X
FIEMEEEZRE L, BUNEBORABRAZCUES 2T OEER 70— 7 M
# (Scanning Probe Microscope : SPM) O—fTH 3,

STM (Scanning Tunneling Microscope) 3% /@Rt ZEEBM X EIC 1 nm AN T TR
SH P RIINBRTERAOMMZERET S2HD T, AFMIEIYA 2700 FLN—DEK &
LTERADMMERINT 2 HIETHD, AFMOYA 700> FLN—DEEEMERTET
ZHEE, ACFULN—DOEmRESBRHSOMICHENS N > RIINEBRTHRIETS STM 4
& APTFULN-—OEFREAT 7ANGHAEDHD L —THOFHZM N HXRVE
ATONDORMNADENE 4 REILIZT 4+ NFAF— R TRINTZHTIAHANH B, B
TFREFEAEATIAHARADBRAINTED, ARETHWEEBIZBWTHHATIARMN
HushTng,

F /-, RHFFETIZ AFM @ Dynamic Force Mode (DFM) T#%&%{T>7/~, DFM &35
SFILN—ERIRSE, RBERAEDOSIATRFRAEREL, KEBRERET 2E—RT
H B, BIEIIZEAMBN AN M S BN SR/IET 2 DFM Y1 2w a2 50 F&—
REARBHEMIERNWTHIETS DFM /> 32427 bE—RK2H 30, ZnO 1L &89
POHLNVWRBTH S Z &P, BREZEDHIETITO 2D, AMETIEDFM YA 71 v o
2% hE—RTEHRZITO7, KM3.1.31Z AFM OBRIEFBR %R L7z, AHKTIIT
AT7AT7A ~F /72 /0 —F)SPA-500 2EA L7z,

7 & M EAF—F /

L — 3 — kg

R FLN—

Bob

YR —

X 3.1.3 AFM BIE%E B DR
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3.1.3 7 hIIZxwtZA (PL) OHlE

YEAEPTEF I T7NEINS &, PEREIZHDF+ ) 7N RimlZfEmL, —
EDEYFMORITHLZZBREEZRTHEDOREIIBEL., BHEET5. Z0F+UTOD
ARSI, BERREEOMOIRIINF—ICHY T IR N F -2 E L THRET 2K H
HiEA s, AOOBRFIZT 4/ > &2RIEL. BRI FIIF—& L THIET 2IEMNFHEEN
HbD. MIBKBICEBEAZINI Ty A 00N, FIEMEICEDECZFH LR
+ bV 2 w1t 2 (Photoluminescence : PL) &\ D,

3.1.4 Z PLEABEZR L, O3, BEAICX > THEREHF LMEFHICBEHET &
HHRELNRET 28, OIXTNSN RETHEERESL TEL 2 HERBEREL.
Q@OQRF—HEETLEHREEDOHERIRE, QI RFT—FREEFNT VT Y HEMITE
%9 2182 T DA pair BHREBINTNEZHDTH D, OIXEHEBETERBIEILE DFHLE
AiREERL TN, @~®0BRIIMEFEN LR RBET. ©IBaEF (FE)
FH@EE, O3 R F—REREF (DX) BABRE. @7 774 Kighhie £ (AX)
FEABEERL TS, Zn0 TRPHEFOFEBI RN F—NRKE WD FEILNEE
THU. FE AP BRTHHRIN, HEEORWHERIFIERERANHNE DN TNV
[3-1], @I R/ EFRNVEMANDBBICK 2R ABIEEZEL. £IIEALEL THES
N3, OIFEMRNFESBREZELTBD, ITRIF—3E L5,

-

bR e e S & e

S DO L T e

t
]
L4
@
1
1
1
1
1
1
1
1
t
]
1
]
1
1
1
m
>

® @
OJthhie ©® B8 HhE(FE)FA
T @Ot R+ —F w7 DOX) R
@BF (Bound to Free)F}t ®@F T 7% RKighie F (AX)FE A
@DAP (Donor to Acceptor Pair) FJt QFENENADBBIZK BHEA
®FB (Free to Bound) F¥ OIEMAEHES

3.14 Rh#d & % 73 PL B )tB1E
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DD, PLIEEIR, ZOXDICEERBRICTONS FFy v TIRNF—LLEDT
F F O IRNF—2HDONZRNT S & THEUZBEIOE F-IEFLA O &8 RE Tl
INBHRTHBPLEREL, BAARY ML EES I ET, LEEPROAMYPRIEDOH
MOT RN F—MEMNESEICHEMT Z2AETH D, APFE TS EETH
Photoluminor-U Z M L7z, K3.1.5 X PLBIEERBOWE T O v/ KERLIZ. Bt
JEE LT DPSS L —# (diode pumped solid state laser, Horiba Ltd., Photoluminor- U) .
FE 266 nm ZfEA L7z,

[1 ] _
/Q | B DPSSL—
NDIAINA— Tyl —
CCD
P Hise
TLIL32—
RN = TVHAS .
\= ] o N
L EHLOXR
L—Y BB
a=—wvwhk
> HHIT—T
XYZRTF—
I
%/OD}_Q = _ SIS R o =
KS4s% AT—I RS54 ccoarvhka—3
AF—oarveka—35 avEaL—4A

X 3.1.5 PLHAIEEBOEK Oy 7K
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3.2 YIS

3.2.1 HEMROES

AR THNE Zn0 BERIL, KASRIECL > TRABEKA I TERINZHD
Thd., KEGHRIETE 552‘53”[71//}\ 7 Zn0 BiERORHEE L T, BRIEFTRITES
it (seed #fhigh) ZH & bfﬁﬁiﬁ,ﬁjﬂﬁ XD RESERZZENFEITOENS, K 321 3FHF
PRENTZHERZE ¢ BNCEBICE<S A TIAALEERTFERLESDTHSMN, ¢ MEHEED
Zn AN L& L 72 88 (.’Cm No.3~No.1) Z+c @i, XD O mANk& L7z#5 (X4
T No.b) Z—cBEBHEFATNS, +c BT 102 ~10¢Q-cm, —cfEEET 107! ~1Q-
cm TH D, —c BEIE+c BB TERRH D . REMNIZ AL = Fe O X 5 724453
Z<ADTWBZENERHIN [32], ZNENEELL TEIREZ FIFTWbEE25N 5,
Lo T, AR TIEIAMBEN DR EENE N +c BIHO Zn0 BEHZE, I3
FIIAY—ICHEEAY UL (KNO2) ZMATER (N) 2 R—E2 T LasEiioikt

SNBEREROA WL, BERTFEZERETIBMRTZ2 LKL TEENTY VTS

s L/“Cfijé?‘ BIENEGRZEEZEZ T, AERITIE c mEHEZEROMAZ CMP & TH
HELZDDEFER L.

No. 14
No. 2

No. 3

5 No. 4 seed
No. 5 1

+c

3.2.1 KEBHRIEIZK > T AMICHER S N7z Zn0 BEEL 2 c @iz IATI1AL
724k T cHifE (seed) #E&ED Zn & O [ D dE Al ;ﬁiﬁ'ﬁ—éﬁ\ Zn @fﬁﬂ 12k &
L /=8 % +c fEi, O mAICEKRE L/l % —c i &M A T3S,
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3.2.2 BROWMRE T > TIVOIER

FRALZZnO BRI 3.2. 1R LAEL DR cHAERZDT. —HFDOEMNZnmET 5 &,
HIORAFOEIT O mIZ/ED, Yo TINDORESIE, ESH 0.5 mm. HEAEK 5mm TH B,
10 mm AOHEEREREZT v 7 A TEE - YR, Ty 7 2A2FEERITHEREWRL, 14
=)L Tik - R L%, K322 LIELDIC, EEABICL> TES 0.2 nm. it
M1mmO7IVI=Z7 L (AD) 2/ 0.3 mm THREL TEREL., BX—2ZFTYU—R
MEBEE L, BEIL, ZnfE OMICENEN I MAEE L. OB, Znm& O MDE
BAELS5RNKD B L. Al OEHEREK 4.28eV [3-dicxd L. ZnO OEFHIMAMN
BELZ4.35eV[3-dERENED, T—LABMPECTNWES X,

Zn-face non-doped or N-doped
/ ZnO substrate
Al electrode ;
1

lead wire .
N\

4 Tm

"/ 1 mni
) 5 mm L O-face

3.2.2 EELUEHBBRMAE D=0 DRARHEAR

L 4
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3.3 NEBRHHEOAIE

3.3.1 VN EBRENIEROBEREHIEHE
1) KIHFTOHIE

33 LICARTHTIT O ANANEEREORERER LI ABELTFE, 252 T8
PFT ¥ (%) LHX- 150 %, /)68 & L CEHT# 75 (Instruments SA, Inc. H-20 1200V)
EERALE. BIERMR. Tt/ 070 T7oREAsHEE (AGHIZ Y » Mg 1.0 mm. H 4
B2y hE 1.0 mm) THYE L., K E 500 nm~200 nm QA TH > FIVICBH L, XAE
FEBELZ, ABAOEMBEIL 1.5V & L7z, #E 400 nm ML EOBIE T, 2 KA
HEHNY NTBED UV-35 745 (REMTHRASHE) AL, BIR - BRI
7% - T boA—% (ADCMT 8252) ZFMAL .,

BIR - EREt
(ADCMT 8252)

[T
O O

/o507 Bl FR DR
JeBF T % (%) & Instruments SA Inc

uv35s
TJA4ILA

3.3.1 I EBRALAIE R DAL
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(2) BEFHEKT TORAIE

Yo TN O#EFMEOFRSKFEEZRANDZODRIEREXK 3.3.2 1R, K3.3.11
AU EBHEMRRERIC, FHKHAZRZA D200 > TIVMTF v > N\N—%8E
mL7zZdDTH3, HoTIPHF v+ >N—EL T, K333 RLEID armidgEs L
ZANEE 159 mm DAT > L AEARBEEED D DEERL-, MANCARAZ 2 -MDtE
ADZRELRE, £/, EER > Josl&0%, AZEAOEZRZRT. NHOFHKN A %
222 ENERDEDICU, BIEIR. ZnO BEUZnO:N B EHRD O [ & Zn HE
NETNZONT, FHAKERG. EXRHRA. BREAR, BEBIBRZA Tirok. ERHZRX
FE 99.9995%, EEFE A AVIHIE 99.99995% % A=, /-, BEEREOEAIIE XL Z 10 Pa
TH5,

—— BR - Bimst
HARZR - (ADCMT 8252)

B
o & O
]l[I HuE
RF
L
I ] ]
i) < N —
*t/u50T  EERFEsRE | o
SR T ¥ ()& Instruments SA Inc
uv3s

JANMT gy T

K 3.3.2 FTHROEZLEZFNSZ=DDHAIERDHER
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- oyvY o
. (6175) =
% jy‘*1= N

% / %

® 159

AN
N\ nl

oy 1
?u/(%)
7 (4
) 108 -
ARNFR
@55 t5mm
H5A/EZ

|

Sz

/Jﬁ

%<

75U K /////////fr
75V H8

T2

4
N

BR800

HREAO

[13.3.3 FHRERXMT L0082 TIIWNMT v > /N— D
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3.3.3 MFEIINERMERIE R ORERR & RIEHE

UVt 3 ORFEICIE. ABROBEIREREEZNSEEETERIETH S, HEER
HORFEREREEZRARD -0, 2R R OER L7z & & OAXBIRO RIS R % % 8
E LT, K334 ICHBRORBRNERERE S AT LZRLZ. X2/ 25720 TEH2T
WOBIZAATDI vy —%BE, THNIX> THOBBEEMEGRELEZ, Ft/ >
I T HRMNS 85 cm BN BICY > TINEBWTHRH L. BHEIX 42000 SCHH-E
{REH > 2 72 (KEITHLEY %) T#l@E L7z,

ER - BAst
KEITHLEY # %

27} N &
Y REF v
FHITEG) R
hASEFALE
Yryd—
RERS

X 3.3.4 FEREISERMEORIE DL
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FH4E FHLZRCENEFZRERO#AREROEER

4.1 bSO 3P

AR THEAL7Z ZnO KV ZnON B FEROXRD Oy F 2 7 A—T 52K 4.1.1 1Z7R
L7z @IZO0OMEIZDONT, MIZZnmiZDOWTRIEL Z#ERTHS. (0002)H D RIHFT5RE
DE—VfEzEEEIZ, £01ECO>ToZEERL TRAIELZHDTH D, RO
MEERRIZIZ D TNS, MERDOOM. Zn @& HIZ FWHM OfE A 23 arcsec T, DA
ETES B ROMEICLERTNE L, HBEHEZRIFTHZEEZ LN,

3%1{1

; —ZnOHE &
E -
: —ZnONE#ES
SL
i
2L
nE
CE
or FWHM
£E
of = 23 arcsec
o
xXE
1 1 i 1 Il 1 1 I} 1 1 1 1 1 1 I L 1

-0.1 -0.05 0 0.05 0.1
Relative angle w [degrees]
(a) O m
: —ZnOB S
——ZnO:NEL 58
FWHM

= 23 arcsec.

USSR R L

XRD intensity [a.u]

= 23 arcsec

1 1 1 { 1 L ! 1 1 1 L | 1 Il 1

-0.1 -0.05 0 0.05 0.1
Relative angle w [degrees]

(b) Zn [
4.1.1 ZnO KU ZnO:N B RERDOXRD Oy F > 7 h—7
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4.2 & SZHE O P

4.2.113Zn0 BHSEERD OF & Zn AOXRME AFM &, £7z, K4.2213ZnO:N B
HERERDO OMmME Zn MO AFM & TH 5, AEBEEIT 2 pm>x2 pm & Uiz, ZNETNOHE
MOEELDHEICHIFEAEE Y MRRREIFBRINAEN oz, £/x, KEEHEMEZRT
— %15 (root mean square : RMS) MH I3 0.2 nm LA F T, EHENFEEICERN T &N
oo,

(a) ZnO B REAR O M (b) ZnO Bi#E GEAR Zn H

RMS =0.08 nm RMS =0.11 nm
421 7ZnO B#EEERD O [ & Zn MO EE AFM &

(a) ZnO:N B#EZEAR O [ (b) ZnO:N B GHEAR Zn E

RMS =0.08 nm RMS =0.18 nm
422 7ZnO:NB#EEERDO OFEE Zn MO EE AFM &
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43 PLAXRY MVD[EIE &R L X)L D FEAf

(4 4.3.11% 300 K THIZE L7z ZnO HifEFHER KU ZnO:N B FEERD PL AT bLT
H5.Zn0 HEEFER E ZnON Bt R ERO PLEMEZ LET 5729, 0 @& Zn @A F 2
WHBILL TRULZ. @IE 0@, WIEZn @D PLARY ML THD, BLE3.3eVICE
— 7 &R DMWENIIBEET (FE) X EMFIEINZ2HD T, HETOHEIRILF—
MREN Zn0 TRERTHHEBINLY, #HEMOANWHOTREHBINS, D FE
FEHDARY "IV, O @, Zn AI&EBERICEZEVITIFEAER SR, LML, 2.2
~24eVHEICARONE T O— REBEHAARY MUI, /> R—=TTdH 3 ZnO B#EEHHR
TIRERINDD, N2 R—E 7Lz ZnON B#ERERTIIBERI NV, ZOFEALD
Green Luminescence &IFIIN2 H DT, BHRXRM (Vo). Zn Rifa (Vzo), # 7 Zn (Zn)
PINSOEERMICE D EINTNSA [4-1], ZnO:N B S ER TR L TIFEALE
EHRINBWV, 4585 TRI XD, /2 R—77Zn0 BERERITHEAR, ZnO:N Bt &
ROBEIBEPHHEVWICKRELE oI L2BEETSLE, R—E 73NN VolZAD
FRMEEEFES LIZEEZS5N5, €5 T 5 &, Green Luminescence 138 FE Rl X 2
HbDEBEZDIEMTESND LNRN,

39



FE

g E —JUR—7F OF
[ |—NF=F om
;f, - @300K

£ ¢

3 |

T

S =

S | B

M ._‘_J-AJ‘A;A-%- N N 1“

1.7 2.0 2.3 2.6 2.9 3.2 3.5
Photon energy (eV)

(a)Om|

FE

T T vy

—/R—T _2n@
— N F—7_zn@

T

@ 300K

Bl 5

Normaiized PL intensity (a.u.)

1.7 2.0 23 2.6 2.9 3.2 3.5
Photon energy (eV)

(b) Zn ®
4.3.1 ZnO KU ZnO:N B#EFEEMHRD 300 KicBiF5 PL AXY ML
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4.4 EFE (N) SO EE

ZnO:N B#ESERICDONWT, 2R F > EEDHE (SIMS, Secondary Ion Mass
Spectroscopy) TNIREZMHT LI, TOMREER 4.4.11RL7=, SIMS M DHA. &
SKEDMERBFEEICZLLWANOBEIZBLZ 1.5X1018/cm3 & REH S 2 &k,

IKBAGRIEIZE 2 TRKNO2 Z MR/ WTHR S N7z Zn0 BfEHEK TIE. N OEEIIR
tHERF D 10'%ecm3 LA FTH D, ZnON BFERERITITHENC N A R—E> FanTn3 Z
EIMEHSINTH B,

1 022

1021

10?

1019

45 (atoms/ce)

10!8

1017

10'6 1 1 i1 Il | 1 i i
0 0.5 1 15

XEANSDES (am)

N
n
(3}
)

4.4.1 ZnO:N B AR D% RIBESMTRER
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(\]
—

4.5 BEIRERHE D RR

3221TR LN DWT, KRR THERFO IV EEZRIE LR EZX 4.5.1 1T
L7o ZnO B#EFEFEROBEIRIL pA LX)V T, ZnO:N BE#EHEROBE BRI nA L)L
T&ERLUZ, ZnO:N BE#EREROEIIIFEFICEHS, TRLEHEIKETCOREIIRETH >
EOTHVWEBRNAD T TRIEZTTo /7. ZnO B#ERIER, ZnON BB EKRZNTND O
H. ZnHE& AlBHO I'VERIZEHITRIETHD, A—I v I7H#EMTHL L HEIN S,
2.4 i TR Rz X DI, BEFRAEBRHEE1527-0DI1213, ZnO EREBWOF —I v 7 £
fRDOHRIIEETH 5,

100 2

—ZnO%4R OE iy

—ZnOEAMR Zn@E

- —ZnO:NE 4R OE .
) —2ZnO:NE MR znE =
3 £
L L
5 5
= 0 0 =
S 3 S
u - - U
~ - x
t t
a a

-50 -1

-100 -2

Voltage [V]

4.5.1 BEROZEFRTFEEO I'VEE, ZnO:N B EEROLEDHTFTVERNILT
HE L7,
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46 BEEEED

EEBIHER L KBS K o THERI N/ Zn0 BiEFERIE. X REITICX 54 &
HOFMDOKER, ) > F—TENRF=TDEBE5QERTH 0Oy F > 7 H—7DFWHM
DIEIEB X7 23 arcsec T, ZIUIEEAE A (Melt Growth) {E12 X B 55 D 49 arcsec [4-2].
I, BREREENEONDEEEZ SN TERZ CVT (Chemical Vapor Transport) %12 &
BHERDB LT 30 arcsec [4-3ICHNTH/NSRETH D, FEIHEMEOSVWERTH 2
T EMVHBAL /=, 23 arcsec E WD fEIL. ERA L XREHTRIE > 2 T L DHFEFRDODREE
WIEWEEEZEZ TN,

ERLEROEZEmIE Y 237, ZE¥EHEME (RMS) & 0.2 nm AT OIEFEITHE
NEHDOTHo Tz,

PLAXRZ hIVTHE, /> R=TENR=TDEES5DERTHRIRTHE N FE K% E]
BIL., #EERENGWIEERLE, LML, Zn0 BEEERTIE 2.4 eV LD v]380 A MR
IZ7 00— RABEAART MIVEBRLE, TOFEAX. Zn R, O RGO X S 7akEx 7 R
fMRMIRREZEZSNTNEA, NOR—EJIZXoTEAD Lz, —F. ZnO:N B & A
ROEHTRD ZnO BERHERICHENTHREWICAE < Zo/z. INHDT ENBE, R—FE
TSN NIZODMBIZAD, REEHST ERRICRF—HRS L TNEEEZ SN
=
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[4-1] U. Ozgtir and H. Morkoc, “Optical Properties of ZnO and Related Alloys,” in Zic
Oxide Bulk, Thin Films and Nanostructures, Chap. 5, ed.s by C. Jagadish and S.
Pearton, Elsevier, Oxford, U. K., (2006).

[4-2] J. Nause and B. Nemeth, “Pressurized melt growth of ZnO boules,” Semiconductor
Science and Technology, 20, S45-48 (2004).

[4-3] G. Cantwell, J. Zhang and J. J. Song, “Vapor Transport Growth of ZnO Substrates
and Homoepitaxy of ZnO Device Layers,” in Zinc Oxide Materials, Chap.3, Ed.s C.
W. Litton, D. C. Reynolds, T. C. Collins, John Wiley and Sons Ltd., U.K.. (2011).
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$56E BRCENEHZEEROAEEREROEER
5.1 VOCEBERME

ZnO ZOZnON BESRERDO O M E Zn AIZNEFNIIDONT, FHXEZ RTINSO EHRN
A, BBEAA, BEICHZ TOLEBR/EZAELZ. AE#HRZEZK 5.1.1~KX 5.1.8 IZ;RL
Too AIER, BIHNKOEEZIRREZ TITo720, RAERVEZEFHIT TORIEDES
IR EEZEA BB LT 5 0fER, EFPRVEERTRBEE 10 2RBER OB
ZEi bk L7z,
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5.1.1 REHITBT 20t EERME
5.1.1 & 5.1.2 I ZNTN Zn0 KU ZnON BERERORKFITBIT 50K N EE
HIETH D,

400

Zn0 B4k SR ——OMm- K&K P
——ZnH- XS &

3

Photocurrent [pA]
N
3

100
0 { YOS (SUPR, (OO SRS [IDS) 00, DO (VOIS LUBNTY [TSOR (NUPRY LNEDE /TSNS (SRR [N (NS N, [JENY!
200 250 300 350 400 450 500
Wavelength [nm]
5.1.1 ZnO EfERERDORKIPITBIT B0 8B
400
ZnO:N BL#58 HIR ——OmE- K&
——ZnE- K&K S

Photocurrent [pA]
N w
S 3

3

200 250 300 350 400 450 500
Wavelength [nm]

5.1.2 ZnO'N B#iFERORKIPICBIT 2 DA NE B Rt
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5.1.2 ZBRHARITHIT B0 EERME
5.1.3 £ 5.1.413FNFNZn0 KR ZnO:N BEHEFEERDODERT A HITBIT 20K
BEEMTH D,

ZnO Bk 5 HR ——OmE-BFHRSP
600 | ——ZnE-EHRH R
3 L
-
E; 400
=
g
2
& 200
0
200 250 300 350 400 450 500
Wavelength [nm]
B15.1.3 ZnO HIEREROERTZAPIIBITD 0 EBE M
ZnO:N B 5 HAR ——OmE-BFH R
o0 ——ZnE-BHRH RSP
2
€ 400
o
_’c;i
£ 200
O (i IS, VS O LN (Oom RN oy [T (N o ¢

200 250 300 350 400 450 500
Wavelength [nm]

5.1.4 ZnO'N B G EMOERTANIIBIT 0 EERME
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5.1.3 BREHZATICBIT D0t EBEN
5.1.5 £E[X5.1.6 1ZZFNFN Zn0 KN ZnO:N B#s G ERD BEFZE A 2 HI2HIT 2008k

EERMETHD

300 N
——OE-BFEHRF
——ZnE-BEHIRF
2 200
]
c
o
3
2
o 100
£
Q.
0 ; S S R L, (U (VL. [TOURE [T WS (RSN [SUIY: ) (NOUD! (DN, BIGT U SRSY RO
200 250 300 350 400 450 500
Wavelength [nm]
5.1.5 ZnO BEFERDEER T ARIZBIT 20t EES M
300
ZnO:N Hif & HAR ——OME-BFEH R
i ——ZnE-BFEH AP
200 |
ud
c
g
)
o 100
a

0
200 250 300 350 400 450 500
Wavelength [nm]

5.1.6 ZnO'N G EARDER A ZAPIIBIT 50000 EERHE
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5.1.4 EBEZeh T BT 540N E BT
5.1.7 X 5.1.81ZZFNFNZn0 KR ZnO:N B EROEZRICBIT AN ES
BHETHD

800 | ZnO Hksm I ——OmE-HZ=E
I ——ZnH-BEZE
2600 |
= 00—
o T
3 400 |-
3 2 A b~
© 0=
Q.
200
O T S | A T (I LS N, V) U (N (S b
200 250 300 350 400 450 500
wavelength [nm]
B45.1.7 ZnO B EROERENICBIT 50 EE M
g0 | ZnON Mk IR ——Om|-R=
——ZnE-BZE
3 600
L
c
g
§ 400
B
g
200
O Rttt L B N E G B A R »

200 250 300 350 400 450 500
Wavelength [nm]

}5.1.8 ZnO:N BifEREROBEZENICBIT 20/ EERE
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5.1.5 A EBREICRIITTHIDEZIIDONTOEE

INETIZT Zn0 BHEFHERL N ZnON BEEERICIDONWT, FRKEHRZ TOLEER
EEFNR, TOMRR., HBROAXRY MIVEEIR ZnO DN R¥ v v FITHYT 2K &
BLZ 370 nm ITE—=V ZFFE, 400 nm LA EDREHICH L TIFE A EREE /W
tﬁ?émtoéB’\X512#6I5l8t%éht&5 . HESERONBHROK
ZFIRVEDARY PINFHIEIFEKOZEZZ1T524&,. £L T, AROBECLHEODIE

WX THZOEENRRSE T t#%b# SN, ITNHDHIZDNT, UTFIER
T3,

X 5.1.9MM5KX5.1.161F. K51.20n5K 5.1.8 IIRINEZENENOERDNAE B
WKRITERKOZEEZ, O AU ZIn ABICEEDHELEZHDTHS, BlELZEE0T
—4%12&%2757(K5.1.9.% 5.1.11. % 5.1.13.[X 5.1.15) L E#HL L 7=~/ 5 7 (X 5.1.10.
X 5.1.12. ¥5.1.14, ¥5.1.16) TrLT=

X 5.1.9 &X5.1.10 13 ZnO B#EFEERO O MICEATA2HD T, K5191CK3E 0 ET

HEPCERAZAPTIIABRVIKE L, KEHFPERAZAPT/AI NI ENRINT
W3, INEHBIELZK5.1.10 TIE. E—JEEXID bEREBEB TLEERNED T2
EIRE. BRAZPPORIHPTREN ENGN 5,

X 5.1.11 &% 5.1.12 13 ZnO EARD Zn HIZEAT 2 HDTHZMN. O ADFA L. A
BRIIEEHPCERAZPRTREL, RIFCEEIRART/hIV, Bt nizr57
H 0 EOZNERBEDOEMNTH S, LML, O @ICHNZEEP—VHEXVEREERT
DABHROBODEIEGMRKEL, BICAKKHREERTAPTRESZO>TWVS,

X 5.1.13 £[X 5.1.14 13 ZnO:N BE#ERERD O MOFMETH S, Zn0 Bkt BER & Fik

HERPERAZRTIIABRNKRELS, KJHFCERZIZAPTIHIIN, £LT. Iz
Bt L7z X 5.1.14 Tld, E-bﬁ%;@%ﬁ&%%ﬁf%%ﬁﬁﬁ@?é%é@Zﬂﬁé
fEmmERD O ML D BREL, Zn0 ERD Zn @DOFHEIC

I5115tl51wmzm3N$mmﬁm®zn@®%@fﬁéo_@ET% 78 h %o %8
FHAPTREIABRVRKES TRIPCERI IR ThIND, E—IHEELDBERE
EETOABROBMPEISIE. INETOEOHEED HREN,

DEDHEI, UFDOLDICEEDBIENTES,

(1) ABRIZOBMTAEL, Zn AT/HI W,

(2 P=7HEXD HEFEEERTIIABRIIBWAO T 0. ZOHAPEFIZIOHMLDH Zn
HTREV,

B ABROKZIZEZR—E/DOHBEL., O @. Zn @EHIINNH ST FH
BT, BESERNASEIOHEANADIEERD ., &$ﬁ1$1m%mé<ﬁé

(4) ZnO:N BiEFERDOIBHIL, KRHPLUVERT 2R TIE Zn0 BHEFEROEN L
DHENIND, BRAHAZAPLKUPELEDPTIE Zn0 BIESEHRDOZNID A EW, BEEBEE
TORBROBMPEIAIT Zn0 BHERERE D S ZnO:N BiEFER TR E N,
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CDXIRFMEHRAT L7201, LFOXIRETNEEZ 2, K5.1.171d. ZnO B
RO O mfHEE Zn EHED I RINF =N R THS, ZOETIVIE. Masuoka 5D
ETFIINEEMBICLTNS [5-1], O MR REBRERMNEL < TRAEMNEENS N ES
ZoNb, TOT2LE<DBEFOBFNRMEMICEEIAD, TORDHIA T LL
ERF—EERMIHSAONE—BEFLOMICATERNEL, ZNZL>TROE DR
N ROPRONTES, ZOXIBEREIADPAFNLEBF—EARDREET S EEFIZ
WEIC, EfLRFREAIICR) 7 b SN To8EcnD., Fy ) T7RIORTIIMAmICEEIC
BEL TABIRERDDT. BESOEINHD . FaNEVEEEX5NE, TORD,
2.3 HITHRANZLDIC, ABRIIAE<AD, —F. Zn ACTRRAEMNEENDZNWET
5ENY ROEHMOBNESL, LEN>TFrUT7OREESHSHED AUV, TIREMN
1.9%X105 /em @ ZnO TiE [5-2]. XOBINIXREFHIEDFENETITONEZOTHF Y UT H
FEAEREBTEAT S, X5.1.17 @D O @OBEIZIIN S RPN > TWBDTH v
U730 N5N, K5.1.17 0D Zn HOBAIIZIFEAERBIND Z &< KA
HILHT 27 0RMEHEMEENESR, KEBRIININEEZEZDZZENTES, ZOXIITE
Z5E, (DOBREIFTAINS,

KIZ, HBRARY MR E—2 285, ZOBRELID BDRENE /RS EHBIHMNE
HIBZERIL<HAENTNDZETHEM, ZOHRIXRAFBHESOZEIZLZDHDT
H5Z EEDEVorE Ik > THASIN TS [5-3l WEMNE <22 1FERREMN A Z <
RBEORINENRAIRY ., TORHORAFARESOENIEIEINL THERNEALT 2 &
WOIHDTH D, QIR EZEIIC, KBETRLET I THIOXIREKIIENTH
%, M5.1.17(@). WZELLETEE, RAFBESOXEI Zn A TRKENEEZEZIZ I EMNT
b, ZOXDWEZDE. QOHRELBHK5.1.17 DETI THAINS,

I, QIEBLAEFHAKOEEL. BENGEET 2FHKN TIIABRMNNI <KD
ZEEERL TS, BEFEMNZnO OXM THRKE (adsorption). Fi&f (desorption) ZE{TD
ZEREELSMNS ZnO OMEPERA, DD NIRERETHSMNIINTNS [5-4,
55l I35, ZnO OXRMICERET 58 %E DI,

02 (gas) + e — Oz (adsorption) (5-1
DEINRTRINZ LSRR TOLAT, EEHROHAEBEF(e )& S A T Zn0 OXMEITEK
ET D, NI INTEANREAEL CTRAKBEHT 2 E5EITTHEL TWZERENEFL
RS Z TBERIIHEIZARD, RN TZn0 OXREN S BT 5.

h*t + Oz~ (adsorption) — Oz (gas, desorption) (5-2)
Tiabbt, BF(e)EEAMHTIHEBEE LI &I, FRKPICERND S EZDORIN
BERRICEATHAEREZNSILSTEHEEZONS, TLTE—IEEXD BEVWKEHEE
THABRITBERIIE DT 5, K51.10. K5.1.12. K5.1.14. K5.1.16 DR LT Z
TIZEkBE, RRPRUEBZEAZHTRHESINZABEBART MIVOE—JEERIL. €%
HAFRVEZHTAESINZ T T 70—V EELD B OINICREEMICHD. 20
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ZEF, RRHPEVEZRA AP TIEIRUGKERIOE D EBEFOLZLEICL 2HEFAEN
MED., ABRVBRICHEDT 5720 EMRIND, X 5.1.18 I FEF O K i W& Kk OB &
EEELZZnO BEFGOREMIOIFRINF—N2 KRERLEZ, KOORKG- DIZRL
EBEFROREBRERLEZHDOTHD . QIIKG- VIR ZHEERIEZRL TS, 20
BFEORE., MEBICKX2RAHEEGEZRVEENTRLEZ, BEOEETFT TR, ZOHER
BRENFIZNTMH D Z L/ 5, N ROEAD /NI W Zn HTIERE N LIz KA
BOEEBILVKREVNEEZON, ERT Y EHHETE S,
DI, RKEHPRUVEBERAAPTIIEFRE R—E > 7 L7z ZnO:N BifE G ERDABHR AN
I, BHEETOABROBAEIEGNRKENT 2B, UL, BENEE
RO TCERAEMVORERAZES L TN ROND 2/ a< L, ZOROERAFMES
MEINT2ZERVEF. EAAN Sy TOBEEZFES L THFr U 7HEFMEESLTVWSZ
am@la%zehé ®51.105K5.18ETOREERSZE. /O R—TOHETIZ
400 nm FFIEICH D UREZFODIIH L. N &2 F— t/ﬁbtmmeA<ﬁﬁébe
mmmO;@_&m,me#@x% Lo TUMBFHDE<IZECTWZLRIIANOD R
—E TR o TRLB2E1DDFMBEZEZEND, T5IZ. N R—EJICXBRM
BEOEDIIF Y ) 7TBHEOEMEDZS L., TOLEODWXERARAPRIEZRZHTO
ZnO:N B#E R EMRDABIN Zn0 BHERBERDOETNLIDKEL R EZEZEN S,
KIZ, BLEIICBNT, AEBR L O HIIZHRENE L., pnEEHPT 3y bF—
BICHARTERTH S Z LRz, K@ 1IDICKB & RER Uy EFEF (G) &M
fRIZ.
I,n = eNG
LERIND, TIT, eldBREE. NIBMNAICX o TENRAETIEF - EAXNOEKT
DI EBEHEEREDERT, Y TINICAHT 2RO FILF—1T, #E 365 nm
AR TBELE 15 pWem2 TH oz, T, BEBEICANTEZ 7+ M HICT2EBXE
8.3x1010ff/s 12725, R 100%THFv U7 ZMEL/=ET DL, EURETLIF YU 75
HERE D EEICIE B, Lo T EXDeNDIEIL,
eN =1.3x1078(C)

LB MNE. KEKPTO ZnON BRERERD Zn mOHEITIE, HEHRME (L) BIBXZ
I11pA THEMN 5, 6 =88 x 102 E KEZRENGFSN/Z. O AOH RIS HIT L ITRE7R

ENESN D,
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Donor level
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Surface

5.1.18 BEEFDERMMEE RO EEZEZRE L7z Zn0 BHGEEROXKATIED TRV F—
N2 R, BERERED. BHBQICX 2B BREZRORMTRALUL,.

58



5.2 KRt

52.1 FHIDEWICLZRFHEIGERM

AIEIT ZnO BES B, ZnON BHEREROME L ©, DI EERENFRS. FIC
BREOEXEZZTLIEZHSNIILZ. AFETIE. 55 uﬁﬂ‘fﬁ%?E']/CET%%)UVt
CHDOEEBMEIC. HEAFARERICASIKASRICK > THERSI NS Zn0 BN
UVt/ﬁMﬂ&bT UNEINEHETEZENKERANTH o7z, BELEREED
UVt HORBICES TEHER/NATA—YD1IDTHBDT, ZOBIEEITOZ, HEE
Bt HId 23 B THRRAELIIT, KEVWKEZIFE ZENHRSD KA. INERENEN &
WS REREMND 5.
$%Tm\EB&4K%LEM%%&%WTKe3)?@%%%%b\%%ﬁ@ﬁﬁm%
FEOTHSIKEEEZHANZ, BIIEROXEEZRANDL D, HEP, BEAZH, KK
@T@%%%ﬁﬁtoﬂ521#b¥524;//F—7$ﬁ%%ﬁ®ﬁﬁ%\E525#
5K 528 I1EN F—7HEREROWEEZRLZ ZNTNORIZIL. BIEMD 27 Z 7 (a)
EENSERBIELETSTOOEANRINTNS, FEREISEREORIE TIX. HEIR
DFEAI D KEERZ 78 ms & L CHIE L2720, A REORNWEE O FMIERIZG
SN TRV,
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5.2.2 FHKEFRFFISERFEICET 252
RZA, B3R A AP R OEZEH T O RAL R S8 S & AR O SE B IR O R NS Fr 1 2
E L. TORR, /> K—77Zn0 BEFKERE N K—7 ZnON BiER AR L T,

UTDXDIT ENah o7z,
(1) BER A AT TIIREEENE < ZRTIEN, T7abb, REREO &I,

ESEIOBEFZTADIRETH . @%ﬁxw B NER Y,

(2) ZnO BfEFEKR & ZnO'N B ERZL&E T2 L, O @, Zn @& H ZnON B &
AR DINEN U,

@) O ADIEFRELD S Zn MOBEIRENEN, FFIZ, LB FDIREIL ZnO:N Bifs &
HRD Zn @ TR HIEND 7,

ZnO BE#EEONER & ORHRERMEIL. EEOPT DKL RME, RO E %
%, 152913 Zn0 HEEDOIFRINF—NRETINTH D, RFPAMPIZHEDIT N
<ONDOIRNF—HEMBHRLIZ, ZnO 1L 5.1.5 TR LD IT, RIUREMFEFICKE
WOTREINZF v ) 7RBERZXRAATE, LA TRAHKSOESITEFEICK
FENEEZOND, —FH, AR LZF v U 7 IZEEBREST 2500 H 20, Bt
BROLENLEHESTHRT 5. TOBE, FYrUT7R NIy TZ2EDHRIEEZLN
5DT. by TEENGVWERICIIHEEAICESRMIZIE<RZ LTFEINS, Zn0 1T
n EERBOTEFOBHENMELADOENL DB EL, EAB Ty TINNTEFOF
MNE<RBREIDOT 24 HOXK 2.4 DICHPALZAAZZLATRKERABRNATEND L DI
725,

5.I5HTERLIZK DI, ZnO OXRMEIIRE L-BERIXRAFA#ESEZED, Fr U7 D
FMEE< T3, 20D, BEERICHRERAZHPEIRKIA TIIABROLE S
AN WIED, B LMD, A TFOREREANEVWEEZ SN, FE(DOHKREFHAT
5,

KRG Z LD BONBROILSE FADFEIL. K 5.2.9 DZFENENOHELESBIEDMIC
Ko TRINBDN, Fr U TFMPROLIBATERINS,

1/t=1/1,+1/1 + 1/7, (5-3)

ZZT, 3 EEREABRRICEAE T 2F v ) Y OFEM. I dlEHEEFLENL THES
5F v )7 OFM EBERABFBKEETS2F v T7OHFEMTH S, 1,071,138, ZnO N EESE
BELERTHDDT, ARKIFEEIENWTITTHS. LrL., NS5 FvUT7DORT
v TRENEINIEE<RD, RGIXDFr VT OHFMEZRT 22 ENNN5, ALE
FOREAEVWY >IN TEF Y U7~ Ty TORRE/R B RGP AFMPHUER N TE T
T, FOBEIEVWEZEZ NS,

L& @ Tihx/=, ZnON B#EFKEKRTILETOREMNENWZ X, R—E2r7ahk
NWZINSE Sy TORRERZ RIFEED, NIy TEEEZRS Lz EEZ 5N,
IDEE, EAN Iy TEEHESTRLIE, BFOFMHELRL2OTABRITEDT

68



BT EITI8B, iz, RIEITCRULIZAENEERMEZRS &, ZnO B#EHER TIE 400 nm
FHEICS D UREZREDDITHL ., MONﬁﬁm%WTmA<ﬁﬁ%?bTmmu°:®
ZEH, AENDRMBICE > THEBEBFHEDESICELTWEZLRILMB N DO R—E Iz
DT BolDEZEZLENS, K52101 . ZOXIBNR—EITOMRERLE
HDT, (@) 13Zn0 BFEREHER, (b) 1T ZnO:N BEERZEROERR IO ZRILF—/N2 R
ETNERLEZEDBDTH D,

(B) IR, OEKDH Zn A THRERENRNDIT, 515 HTELEL-LDIZ, Zn
i O MIZHARTNY ROMMBOANINEEZZ SN, Z0EDF v U7 ORAHFEEMN
E<@é@fgﬂ$é<ﬁof‘ﬁ%?@ﬁ@ﬁ@“t%i%ltﬁf%éo

ZnO WCRETAXHEBEET., BREBEBMNIEFTIZE WVWEHE RIZX. "Persistent
Photoconductivity” & L TLARIASH SNTHBD ., ZD A 73,_7:.& AT SIS
EREBAAVEBINTNS [56], LML, FMITEZHSH TRV,
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53 BLREFXED

AETRLEEBERZRKENICELEDZE, RKOLDTH S,

(1) ZnO HfEHEMRS ZnON BERERD ., alHlEEBICIZEAENRBREZRZT,
BONREBOARICREZR LT,

(2) ZnO BHFEFEER S ZnON BERZER S, FHRAKUCTHDHD ST O @DOXEFRA Zn
HDIEEBREL D KE N,

(3) 7(311‘*1@@@5‘6%01&1@2%@ L BEMZIT R, TNETNOERITDONTHE
MORKEZNL, BEESOEIOEBEENADIRERD . BEEH AP TR /NS <725,

(4) t%(moﬁff'ﬁﬁf\ CEFMEIY. FREKICOND 5T O FEIZHEART Zn @O BEREMN
P,

(6) ZnO B#EFEERTH 50 ZnO:N BEEREEMITHND ST, BBREAZXFETHP T
WFRERENRS, EEPTIHEN, REREOEII, BEE>EIOERNTR
DIRTH > 7z,

(6) EEFRDTFAETICHITS ZnON BEHERERD Zn AOISEEREN RS END 7z,

(7) ZnO ZRHWEEER UV L2 ORENEGL, SHEENRKENW ENMHRT
= At

(8) ZnO:N BHEFEMRD Zn @IL, ZARENBIZ 4X102A/W, JEEH/REEN L
2% 4.0X104 (156 pW/em?2 DFEE T) ., AlBXERR AL 104 LLET, INH5DfER
Zn0 FEBETHREINTVEHDID B REL, KEABREFEDHERND T
MRERL IO UV EHIZEL THWD EHIETL 7.

Zn0 OXAEBHHICEAT AMRIIEIDSRINTVSEN, ZDIFEALIRM K, Bk
K, ZHERR, BIEREEZRRITRINZHDOTH o, BiERZRENVNDTHEHROH DT,
HED O @, Zn ADRGPBIZVNEETERNTON TN, KAGHIEIZK 2 @ME KT
ZnO M AFAIREIZ /2 o 720, Masuoka S I13ZEEH T Zn0O BAER RO O @& Zn @
DOHNNAEERFEZBEL. OETIEAABRNKEL, ZnATEINLD /NN L2
BINCADIT . COREZHAT 5/-DICHERETIINEREL =, L L Masuoka 513,
HEBRHHICRKTTERAROELE, I5I2Zn0N BEFGEROBEEIZONW TR 2T
TWiEho Tz,

AETIE, ZnO kU ZnO:N i’fﬁ%ﬁ*ﬁa) O Em&O Zn MICBT 23 EERE, &
12, AEBRMHICRITTSE EZEBERS ML,
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H6E BRICHEABEREREEREHNZRINEE > JORE

FIEICHBWNT, Zn0 BEFERERKL N ZnON BEERERD ¢ MOEBFMEZML .
ZnO:N B#EREKRO Zn EAERNZR UV Lo HICRBEL TS EHE SINGZ, RET
I3, 20 ZnON BRERERD Zn @EHEALZUVESFy T2EML, ETEEEMA

BORTEET A AT VLA IWHEBERRT S UV YE2RAEL. BEEHRLT .

6.1 FNEE T DR EER

AZET 3mmx1.5 mmx0.5 mm @ ZnO:N B ERD Zn @ICAKZET 1 mmx1l mm. /2
T0.2pm D 1 XD Al BME, Mg 0.3 mm CEZERBZICIDMNEZLE, BEBIZTA v —
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Non-doped and N-doped ZnO single crystal wafers were
prepared by the hydrothermal method. A 1-mm-square Al pair
electrode with a gap space of 0.3 mm was deposited on both
surfaces of the c-planes of non-doped and N-doped ZnO
substrates by vacuum evaporation. Resistivity of the N-doped
(1.5 X 10'%cm®) ZnO single crystal was 10’Q-cm, which was
about 10°-times higher than that of the non-doped ZnO single
crystal. Photocurrent of the O-face was larger than that of the Zn-
face. Maximum photoresponsivity was about 10* A/W for the O-
face of the non-doped ZnO single crystal, and that of the N-
doped ZnO single crystal was about 4 X 10° A/W.
Photosensitivity (light/dark current ratio) of the Zn-face of the N-

1 Introduction The use of ultraviolet light has recently
been increasing in various fields including medical
treatment, industry, and agriculture. Low-cost, nontoxic
and highly sensitive ultraviolet light sensors (UV sensors)
are therefore needed for detection of UV light in the
environment. UV sensors using wide band gap
semiconductors have the advantage of insensitivity to
visible light. Therefore, UV sensors using various wide
band gap semiconductors such as gallium nitride (GaN)

[1, 2] and gallium oxide (Ga,O;) [3, 4]. have been studied.

Zinc oxide (ZnO) is an attractive material for a UV
sensor because of its direct wide band gap of 3.37 eV and
because it is nontoxic very cheap, and rare metal-free and
has large radiation resistance. Since energy of 3.37 eV is
equivalent to a wavelength of about 370 nm, it is expected

doped ZnO single crystal was 4x10* under illumination of 15
uW/cm?, but that of the O-face of the N-doped ZnO single
crystal was about 2 X 10%. The ultraviolet/visible (UV/vis)
rejection ratio was about 10* for the Zn-face of the N-doped ZnO
single crystal. Time response of the photocurrent of the N-doped
ZnO single crystal was remarkably improved compared to that of
the non-doped ZnO single crystal. The improvement was
remarkable on the Zn-face. Photoluminescence of the visible
region decreased remarkably on the N-doped ZnO single crystal.
It is thought that defect density of ZnO was decreased by
nitrogen. Therefore, an N-doped ZnO single crystal is useful as a
material for photoconductive type UV sensors.

Copyright fine will be provided by the publisher

that sensors using ZnO can respond to ultraviolet light of a
broad region including the near ultraviolet region.

UV photoconductivity of ZnO has been studied for
many years for single crystals [5-7], polycrystalline films
[8-11] and epitaxial films [12-14]. Recently, high-quality
large-sized ZnO single crystals have been grown by the
hydrothermal method [15], and wafers have been easily
obtained. We have investigated photoconductive
characteristics of non-doped ZnO single crystals grown by
the hydrothermal method and we observed a large
photocurrent of the ZnO crystal by UV light illumination
[16]. However, resistivity of the non-doped ZnO crystal
was not high, and dark current was therefore large. Doping
ZnO with nitrogen may be effective for decreasing the dark
current. Wang et.al. reported that resistivity of a nitrogen-

Copyright line will be provided by the publisher
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doped ZnO crystal grown by the hydrothermal method was
2.4X10° Q-cm [17].

There have been many reports on a Schottky-type sensor
using ZnO [13, 18, 19]. Time response of a Schottky-type
sensor is fast, but photoresponsivity is small (<1A/W). On
the other hand, a photoconductive type sensor has large
photoresponsivity [16], but there have been few reports on
a photoconductive type sensor using a ZnQO single crystal.

The purpose of this study was to evaluate the
applicability of nitrogen-doped high-resistive ZnO single
crystals for photocounductive type UV sensors.

2 Experimental Figure 1 shows the sample structure
of c-plane ZnO single crystal substrates. Nitrogen-doped
(N-doped) and non-doped ZnO single crystal substrates of
10 X 10 X 0.5 mm® were cut fom ZnO single crystals
grown by the hydrothermal method (Tokyo Denpa Co.,
Ltd). After mirror polishing, a 1-mm-square Al pair
electrode with a gap space of 0.3 mm was deposited on
both surfaces of the c-planes of non-doped and N-doped
ZnO substrates by vacuum evaporation.

N-doped ZnO single crystals were grown by the
hydrothermal method in an autoclave with a Pt liner.
Potassium nitrite (KNO,), potassium hydroxide (KOH) and
lithium hydroxide (LiOH) were used as mineralizers.
According to SIMS analysis, the nitrogen concentration
was a 1.5X10'%cm’.  Photocurrents of N-doped and non-
doped ZnO single crystals were measured with
illumination of about 15 ;2 W/cm® using a grating
monochromator (Instruments SA, Inc.), Xe-arc lamp and
long-pass filter (Edmund Optics, Ltd.). Photocurrent
spectra were measured in the wavelength region of 200-
450 nm. Full-width at half maximum of the illuminated
light by the sample was about 2.5 nm. Time response
characteristics of the photocurrent were measured using an
Xe-arc lamp, neutral density filter (Edmund Optics, Ltd)
and mechanical shutter (Nikon Corp.). Applied voltage
was 1.5 V. X-ray diffraction (XRD) was measured to
characterize the crystallinity of N-doped and non-doped
ZnO substrates. Photoluminescence (PL) and current-
voltage (/-V) characteristics were also measured on the O-
faces and Zn-faces of N-doped and the non-doped ZnO
single crystal substrates.

Zn-face

N-doped or non-doped
| Zn0 substrate

Al electrode ,,
Y|
L

lead wire
N

5mm

Copyright line will be provided by the publisher

Figure 1 Sample structure for measurement of the
photocurrent of N-doped and non-doped ZnO single
crystals.

3 Results and discussion Figure 2 shows X-ray w -
rocking curves (XRC) for O-faces and Zn-faces of the N-
doped and non-doped ZnO single crystal substrates. The
values of full-width at half maximum (FWHM) of XRCs
of both faces of the N-doped ZnO single crystal and non-
doped ZnO single crystal substrates were about 23 arcsec.
That is, there was no difference between the N-doped ZnO
substrate and non-doped ZnO substrate. These values of
FWHM showed that the N-doped ZnO single crystal were
also had good crystallinity despite nitrogen doping.

FWHM=23 arcsec. — Non-doped —Non-doped |

l,-\ —N-doped

FWHM=23 arcsec.
—N-doped
f

__XRD intensity [a.u]
XRD intensity [a.u]

FWHM=23 arcsec. FWHM=23 arcsec.

fiigy I i : T
-0.1 -0.05 ¢] -0.05 ¢]

0.05 01 -01 0.05 0.1
Relative angle w [degrees] Relative angle w [degrees)
(a) O-face (b) Zn-face

Figure 2 X-ray w rocking curves of the O-face (a) and
Zn-face (b) of N-doped and non-doped ZnO single crystals.

Figure 3 shows PL spectra of the O-face (a) and Zn-face
(b) of the N-doped and non-doped ZnO single crystals
measured at 300 K. The figures clearly show PL of the
visible region (around 2.3 eV). PL intensities of the visible
region of non-doped ZnO were large for both the O-face
and Zn-face. However, PL intensities of the visible region
decreased greatly on the N-doped ZnO substrate. This
indicates that defect density of the ZnO single crystal was
decreased by nitrogen doping, since it is thought that PL of
the visible region originates in defects of ZnO.

===Non-doped i = Non-doped
_____ N-doped H -----N-doped
O-face 300K |

Zn-face 300 K

PLintensity [a.u.]
PL intensity [a.u.]

.

H
|
i
| .
| ! §
K . |
e b A L A |

1.7 23 29 35 1.7 23 29 35
Photon energy [eV] Photon energy [eV]

(a) (b)
Figure 3 PL spectra of the O-face (a) and Zn-face of N-
doped and non-doped ZnO single crystals.
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Figure 4 shows /- characteristics of the O-faces and Zn-
faces of non-doped ZnO and N-doped ZnO single crystal
substrates with Al electrodes as shown in Fig. 1.The I-V
characteristics show linear relationships. Therefore, Al
electrodes formed ohmic contacts on each face of non-
doped and N-doped ZnO single crystals. However, electri-
cal resistances of non-doped and N-doped ZnO single crys-
tal substrates differed greatly. Electrical resistance of the
N-doped ZnO single crystal substrate was about 10*times
higher than that of the non-doped ZnO single crystal sub-
strate, and resistivity was calculated to be about 10" Q-cm.
It is thought that the doped nitrogen acted as an acceptor
and compensated donors originating from defects, and the
resistivity of the N-doped ZnO single crystal therefore be-
came very high.
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Figure 4 Current-voltage (/-V) characteristics of the O-
face and Zn-face of N-doped and non-doped ZnO single
crystals.

Figure 5 shows photocurrent spectra of the O-faces and
Zn-faces of N-doped and non-doped ZnO single crystals.
Photoresponses of non-doped and N-doped ZnO single
crystals were observed in the UV region. Wavelengths of
the peaks of photocurrent of the O-faces and Zn-faces of
N-doped and non-doped ZnO single crystals were 367-370
nm, and these values almost agree with the band gap of a
ZnO single crystal. Photocurrent of the O-face was larger
than that of the Zn-face. Maximum photocurrent of the
non-doped ZnO single crystal was about 500 1 A. There-
fore, photoresponsivity was calculated to be about 10*
A/W for the O-face of the non-doped ZnO single crystal,
and that of the Zn-face of the non-doped ZnO single crys-
tal was about calculated to be about 10° A/W. Maximum
photocurrent of the N-doped ZnO single crystal was about
200 1 A, and photoresponsivity was calculated to be about
4X10* A/W for the O-face and 4 X 10% A/W for the Zn-
face of the N-doped ZnO single crystal. Photosensitivity
(light/dark current ratio) of the Zn-face of the N-doped
ZnO single crystal was 4 X 10* under illumination of 15 &
W/cm?, but that of the non-doped ZnO single crystal was
about 10, and photosensitivity of the O-face of the N-
doped ZnO single crystal was about 2 X 10?, whereas that
of the non-doped single crystal was about 10. Visible re-
jection ratio (UV / visible photocurrent ratio) was about

10* for the Zn-face of the N-doped ZnO single crystal sub-
strate.
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Figure 5 Photocurrent spectra of the O-faces (a) and Zn-
faces (b) of N-doped and non-doped ZnO single crystals.

Figure 6 shows normalized photocurrent spectra of N-
doped and non-doped ZnO single crystals. Photoresponse
curves of the O-face were flat in a broad region of the UV
spectrum compared to those of the Zn-face in N-doped and
non-doped ZnO single crystals. Photoresponses of the Zn-
face decreased rapidly at a wavelength shorter than the
peak wavelength. DEVORE [20] analyzed the photoconduc-
tivity of materials in detail and showed a decrease of pho-
tocurrent at a shorter wavelength than the absorption band
edge due to surface recombination. Masuoka et al. [16]
showed that surface-terminated oxygen atom on the O-face
act as acceptor-like surface states and that the depletion
layer is extended from the surface into the bulk. The ex-
tended built-in electric field effectively separates electrons
from holes, leading to increased photoexcited carrier life-
time for a higher photoresponsivity. On the Zn-face, the
built-in electric field only exists near the surface; therefore,
surface recombination is fast.
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Figure 6 Normalized spectra responses ot photocurrents of N-
doped and non-doped ZnO single crystals.

Figure7 shows normalized rise time responses of the
photocurrent of N-doped and non-doped ZnO single crys-
tals. Time responses of the N-doped ZnO single crystal be-
came faster than those of the non-doped ZnO single crystal.

Copyright tine will be provided by the publisher
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Figure 7 Normalized rise time response curves of photocurrents
of N-doped and non-doped ZnO single crystals.

Figure 8 shows normalized decay time responses of the
photocurrent of ZnO single crystals. The inset shows the
photocurrent in logarithmic scale. Decay time character-
istics were also improved by nitrogen doping. The char-
acteristics were remarkably improved for the Zn-face of
the N-doped ZnO single crystal, and decay time constant
was about 300 msec. There are two processes, slow and
fast photoresponse processes, in Fig.8. It is thought that
on the Zn-face of the N-doped single crystal, the slow
process due to deep traps originating from defects of the
Zn0O crystal was suppressed by doping of nitrogen dop-

ing.
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Figure 8 Normalized decay time response curves of photocur-
rent of N-doped and non-doped ZnO single crystals.

4 Conclusion Photoresponses of non-doped and N-
doped ZnO single crystals were observed in the UV region.
Resistivity of the N-doped (10"%/cm®) ZnO single crystal
was 10’Q-cm, which was 10*-times higher than that of the
non-doped ZnO single crystal. Time response of the photo-
current of the N-doped ZnO single crystal was greatly im-
proved compared to that of the non-doped ZnO single crys-
tal. The improvement was remarkable on the Zn-face. Pho-
tocurrent of the O-face was larger than that of the Zn-face.
Maximum photoresponsivity was about 10*A/W for the O-
face of the non-doped ZnO single crystal, and that of the
N-doped ZnO single crystal was about 10°A/W. Photosen-
sitivity (light/dark current ratio) of the Zn-face of the N-

Copyright line will be provided by the publisher

doped single crystal was 4x10* under illumination of 15
uwW/cm?, but that of the non-doped ZnO single crystal was
about 10. Photoluminescence of the visible region was
very weak on the N-doped ZnO single crystal. It is thought
that nitrogen doping of ZnO grown by the hydrothermal
method is effective for decreasing defect densities in the
ZnO crystal. Therefore, an N-doped ZnO single crystal is
useful as a material for photoconductive type UV sensors.
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UV sensors using wide band gap semiconductors have advantages because of their
insensitivity to visible light. ZnO is an attractive material for a UV sensor because of its
direct wide band gap of 3.37 eV. There have been many reports on a Schottky type sensor
using ZnO [1-3]. Those reports showed small values of less than 1 A/W for photoresponsivity.
On the other hand, a photoconductive type sensor has a very simple structure and high
photoresponsivity. We have been reported photoconductive characteristics of a non-doped
ZnO0 single crystal grown by the hydrothermal method and we observed a large photocurrent
of the ZnO crystal by UV light illumination [4]. However, resistivity of the non-doped ZnO
crystal was not high, and the dark current was therefore large. In this study, we prepared a
nitrogen (N)-doped ZnO single crystal with high resistivity to decrease the dark current, and
we investigated its photoconductive characteristics.

N-doped ZnO single crystals were grown by the hydrothermal method including potassium
nitrite (KNO, ) as a mineralizer. After mirror polishing, a I-mm-square Al pair electrode with
a gap space of 0.3 mm was deposited on both surfaces of each ZnO substrate by vacuum
evaporation. Photocurrent was measured under illumination of light through a spectroscope
with grating. Applied voltage was 1.5 V.

Dark conductivity of the N-doped ZnO crystal decreased by about 3 orders compared with
that of the non-doped ZnO crystal. It is thought that doped nitrogen acted as an acceptor and
compensated donors originating from oxygen vacancies. Figure | shows photocurrent spectra
of the O-faces of N-doped and non-doped ZnO crystals.Photocurrent of the N-doped ZnO
crystal was smaller than that of the non-doped ZnO cryatal. Photocurrent spectra on the
Zn-faces of both crystals were also measured. Photocurrent of the Zn-face was smaller than
that of the O-face for both ZnO crystals. Photoresponsivity of the ZnO:N crystal was over | 0°
A/W at the O-face. This value is smaller than that of the non-doped crystal, but it is much
lager than that of a Schottky type sensor. Moreover, photosensitivity (photo-to-dark current

ratio) of the N-doped ZnO crystal was 600 o |
much larger than that of the non-doped ((E; ;ﬁggpi%e
crystal, and response time of photocurren 5% (a) ,»"X
in the N-doped ZnO crystal was shorter 2 400 o
than that in the non-doped ZnO crystal. = > I
In conclusion, an N-doped ZnO crystal é 300 / 1
useful for a photoconductive UV sensor. 3
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