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Study on Optical Properties of Indium/Gallium Doeped Zinc Oxide

Nanostructures

Student: Tz-min Yang Advisors: Prof. Hao-chung Kuo
Institute of Display, National Chiao Tung University
Abstract

In this thesis, | study on the growth and characterizations of indium/gallium doped zinc
oxide nanostructures in a two-zone temperature controlled vacuum furnace system by using a
thermal evaporation method. Zinc oxide nanorods doped with different indium concentration
(<1%) and 1% gallium doped zinc oxide thin films prepared at various growth conditions
were successfully synthesized on gold nanoparticle coated Si/SiO, substrates in my
experiments. Afterwards, the structural, componential, electrical and optical properties were
analyzed by Scanning Electron Microscope (SEM), Transmission Electron Microscope
(TEM), X-ray Diffraction (XRD), Energy Dispersive. Spectroscopy (EDS), four-point probe,
Photoluminescence (PL) and N&K measurement.

In the first section of my experiments, indium doped-zinc oxide nanorods with about 500
nm in length and 20~80 nm in diameter were found in the SEM images. From the SEM and
TEM results, gold nanoparticles which act'as catalyst were observed to be located on the top
of the nanorods, which testified the nanorods were formed via VLS mechanism. It was found
that the crystal quality degraded with the increasing indium doping concentration, examining
by the EDS measurement, from the XRD investigation. PL shows the slight blue-shift and the
depressed intensity of the near-band-edge (NBE) emission of the nanorods with higher indium
doping concentraiotn, which can be explained by Burstein-Moss effect and the formation of
donor-induced nonradiative recombination centers, respectively.

In the second section, gallium doped zinc oxide thin films with about 100 nm in
thickness were found in the SEM images. In the modulation of oxygen flow rate, the surface
morphologies of the films were almost the same but the crystal quality and sheet resistance
degraded and decreased with the lower oxygen flow rate from the results of XRD and
four-point probe, respectively. On the other hand, with the higher growth temperature, the
rougher surface morphologies, better crystal quality and higher electric conductivity of the
films were obtained. From PL spectra, the intensity of green band (GB) emission was found to
increase with the lower oxygen flow rate. In addition, the blue-shift NBE emission and
depressed GB emission intensity resulted from the higher growth temperature can be
interpreted as the enhanced electron carrier concentration and the reduction of oxygen-related
defects, respectively.
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A Weight %Ge Ge

B2-1-1 (A) VLS& BréE= & 7 & B
(B) & {45 <rbinary phase diagram

2T kR4 - B Yang[ 260 TE B e T o A e £ ¢ A
FI* F dp -k Ap - B A0 A K% R ER(Ge) & oK (0 £ (Aw) 17 5 LT £
B) o R 2-1-1(A) ¢ 7 @ 5llg An— R Ap=FR A ¢ A B EPER
# 58 B HE& %% o 1335 Ge-Au binary phase diagram(® 2-1-1(B)) » %
%5 @ﬁﬁﬁ*“%@§BMCﬁ¥%P$wﬁﬁ$ R A A T -
(Al d s kEaed it £ H(£)hz TAALT 5o LEFP
Femie (7§ ARRAR S chgs i f 2 MPeRp i £ B(E)F 7 o F R i

. &
A

£ &0 gk % & 7] 4 fr(supersaturated) k5 7 » % AR gy &% €
e &%t NGEAR T TTD > 1 R K et 2 oK sqatk-¢ B4

AT i ends & ek & £ & k9 (solid-liquid interface)iE #r= & )
% o deB] 2-1-2 9 TEM #7717 o 7 g &% 323 2 (R4E(sputtering) @ & %
' (laser ablation) * #t Z #%(vapor evaporation))# & it &= (i* &

# #p T #% (chemical vapor deposmlon))*ﬁ“‘ KA A ML K E 3K

MAAFTRDFRIES > AL RZ AR AR TI AP LS
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B2-1-2 ’ﬂEMPﬁﬁ:}ﬁ%‘f ’fﬁ;% 3k
4‘5124 &A}‘}‘s,_,_;l Z_ ,:,\, ]-i.r[

2-2 s+ B A‘cﬁ(scannmgelectron -n;;i;:é:roscope(SEM))—fr%‘ e
&g pedk (transmission electron urfll'i.c:r'o.'édcope(TEM)

BBl 2-2-1 ¢ > fEiEEA T AT F R RSB — A T eh i AT

B » BT 3 R-€ AL A F %5 jz (absorbed) ~ # & (emitted) ~ F B
(reflected) 2 # 4% i (transmitted) - X1 g i £ X-ray (4 2 -
e~ BT B EPRIY (specimen) & e ch 2 A 5§ ¢ 0 d FRP ATE &
fkehz & ¥ 3 (secondary electrons)qe ¥ & i & |4 chg + £ AP EF
PRWEEFL Y c B PR HREE T k2 R E (focused) 0
# (deflected) » fr+ri# (accelerated) ® + ke B> @ A { F 5 e
KERIZFET I AN B RS G o R BRI K7
€1 2 FRF 2 B 7k Si(vacuum system) eri® % o A a0 2LpliR £
#l(nondestructive measurement)" » F]* 3 J1** F B4 97 i (morphology)
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N

BRER A6 DT DT
Biplend 3 o

FERT > REERSFETIARMEE G S
%5

Incikdent ¢ - Beam

Backscattered &

x-riizs / athodaluminescencea
‘\‘L f
Alger e-..—__"_ ﬁ

Interaction »
Vol T Sample
. _

Elastis (TR ) RO
Inelastically Scattered o g ERstcally Scatione

Unscattered €
&
|

Transmitted Electrons

W22l TG ARE < et

SEM 2 TEM éfh + % 5 55‘1222

c PR PRIEANT TR
L ¥ % % (electromagnetic o'ptical

system) Xk #BEITEEE

(electromagnetic lens)enf §F » Ais fkir B+ A 24 3% e () 0B -

Yirtual Source

Frrst Condenser Lens

- Serond Condenser Lens

Condenser Aperture

Sample
biective Le

Objective Aperture
Selected Area dperture



|~

¢ LRSS iron pole pieces ¢ & F - frpr ME AHE A o §
Tomon A SUE 1 %€ & iron pole pieces f R A 4 BH- o @ kA 2

A2 D gdg g o *@ﬁﬁ?ﬁw(rotatlonally symmetric)enkd A 4 d12t

W

w |+ (inhomogeneous) %< % > % iron pole *TRl¥EchZ I P < Bhehg 3
fafic3s » L AXIRIT iron pole » & RIEHAERZ] > FRF AT HLBEEHR
BF > AX321T iron pole A ¥ ehf F fd 30 Pl FEEHETY > @ &
AT Y B RAE R R o @ Lorentz force(F) & i = A chi
BERF FIMFWNOTEEE T F IR - F T PR+ AR E - BRLS
(r cross-over) @ = R & i hk ¢ MLF G4 RB OT N < R
(B)erdfisgmsxdk { ¥ « VI LRBBEHT F A TREF LI LEEE
6 R B B R S i eh o FRNEOLEE T ARARSE e A T T RS
Bl25 o A3 AR R a4 2V i W - TR SR T BT TR G B TR
P mfL2 5k dh(optical axis) e ot b Ak o 48 % 5 (lens
equation) fF fken® W * A3 S K EF P B 4 aic < I (magnification)
AT A
1/u + 1/v = 1/f » Magnification M = v/u
f: £3e& B (focal length) ;
u: {3 A s s (object distance)
i% 4 eniEd (image distance) °
ER T REMRY TREREKRIL LR AL 0T
% 975 & (beam formation)4c % TEM 2 SEM % s ® #condenser
lenses °
B2 theAs =0 2 A+ (1mage formation and magnification) @ 4- & TEM
4 %Y giobject » diffraction @ intermediate » ¥ projective lenses °
T RE A m A A AR % A FlenE 3 BAks R A TR
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ER - T F AL T FAREL N FRP IR
BE G ¥ LehT + Bk, =

emission T+ Mfcht > 9 A H T+ MRS DT+ RF HRY T 5 R

« = 3¢ ! scanning ° transmission ° %

*E R mHF s (field emission) ® + RS T F KB SRR A
d Fpd Lo s ke o SEM Ao d i ek 8 B e cha 1F R 228 5F

SRR NS 2 TR R S PR R SRR AR

=

“77 I o SEM A= TEM & 3 en s sk 4 8 ¢ 3 ¥ - B R+ # (electron gun) »
% 4% % *u(lens system) » # 47 # B (scanning coils) » & + 4t ¥ (electron
collector) » fv— &+ B (display)eil ¥ BB+ L cnEF R FFd T

R F R RenT F A B AR 210 7] 30 F R 3 kEFEKeV) o
FERp LG EMAER T APRERT B SR AT B LT kg
MR R ACELZ AT TR R TE R SR kB R AR R R e
E&féZéﬁiﬁﬁﬁw%ii&ﬁy’ﬂﬁiéﬁﬁﬁﬂbh$’fﬁ§
(depth of field)s ke o %ﬁfd FEFENT F R FPRFE > £
B F R L g bt kehs 2T 3 & F w478+ T 3 (backscattering
electrons) » % {8 ] SEM etk o @ ¥eer SEM B2 G E fgP3 84 0 ke =

TF oA F et T F R T I G § FRIFART T R ER ST

(3%

kY

4
s
£

[ﬂ

N

A

s » 7o * X-ray kg b endk

é Yy

4 kg R fL2 G S HREcw § 5k (cathodoluminescence) » & &

e e A AR RNT IR T AT S

3

R Ak R R S

energy dispersive spectroscopy(EDS) » ¢t & Bls #-H 2 {4
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2-2-b. 7 & T F HIkE

TEM +“ A= SEM 2 & 5 dpaf 02 enS e e fr 2 & 1 %~ e @Rl iR
~ % AR (in-depth perspective)# it c TEM & 3 L & = AR GBS > » 5 R
¥-(bright-field) > @ #(dark-field) > =8 f%+7 (high resolution)%g i
st o B2 R TEM 4% c % SE F Ry hR 5 9TA 2 @ ife o e et
B (contrast) £ Rl s e F B B2 X > F @ Pt B2 Pl4cH2 %
HEF Bkt o I FEREFRFOT I A AL PP A

Fr B RBERG R BEEMNT I R D R o B 5B ER

Specimen

Objective lens

Back focal plane
objective aperture

1. intermediate image
SAED aperture — E—

Intermediate
lens

2. intermediate
image

| o ro.jec tive
ens

Viewing
screen
Image Diffraction pattern

®2-2-3 TEMZ 41 & B

TEM # e objective lens #-% & & H # & T @ (back focal plane)
458+ B2 (diffraction pattern)friGil Fp|& st T+ 352 A ifT 5
(image plane) @ i > » i}é—fv’\%] 2-2-3 ¢ 1. intermediate image °> F]*
MR e G R PR A TEM ¢ o ¥ 25 intermediate lens
L 16 0 B ffd projective lens k f823% « ehds iF o Fod 3K
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intermediate lens 1% B ¥ 12 4= & ch¥-real space( ¥ f)# = reciprocal
space( $E @A) o A= ;"¢ » — B objective aperture ¥ 1 ¥ » &
FEFET G+ HH % AN HERT KBS (RS B B E
Me)em— g d 3 & %0 + & o X @ A selected area electron
diffraction(SAED)® » - % aperture #-¢ % » & first intermediate
image =T & b o Bk A5y & ) Yest Bl g

ARFHNT 5 2Tl A objective lens % EFETL & } dhobjective

v

aperture #-F t3F B B(direct)snT + R T A% o i RRT 0 X B 0
B BB R OMEBT eI 38 B KRR e S L RS AR AL R T
MILEB R P F R REDOERMSRIGEI FRL e o

AE BT s objective apentures#-iiiF - iEH 3 HOE 03T S+ R
AR m PR AP EE BOT IR o feB DT F AR|FARFE 0 BT
FARZLIIFRP ORFHAED FURER T KBRS R GRS
Ak eI % 0 7w R R R < )

P

20 FF S RE k(lattice image) » ZEHE A RS E R T S
A

 aa

3 BT+ R e+ i objective aperture - m A& 2 A ke ER
£ ST FAME BT F 434+ A 3= (phase contrast) © § ®
+ BBLE 5 X33 % hEEf247 & (point resolution) @ 2 &4 e g
w 4 4P ¥ zone axis > wHc i o PIAPF 2 F DB fF47 A B A (HRTEM) -
A3 R FRIA R S et Akgs o e HRTEM e ip) i 4 o

» 8T 73 F 4 (incident parallel electron wave) & {7 5 & R4 p&F
¢ 4p 3 sl (elastically) 5 FRTFARF FRF 2542 7 4piz
(phase) 2 &ty (amplitude) c73d % > Flpt agt 7 + A ¢ ¥ N E I FR&
BT o ¥ b objective lens 1 & & A i 1 (DS » BB

o P E DR a7 ® = £ (Fourier transform) m & 3| 548355 (2)
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A T g b F B FEEEELIENT I AhT HREEY B A

e real space 1mage °

2-3 it £ 471 % 3# (Energy dispersive x-ray spectroscopy(EDS)){-i& %
% + ¥e8t(selected area electron diffraction(SAED))

EDS 4= SAED 5 & fad#f ps 7 sc 2Kk % & & w783k > SEM/TEM 2 TEM ¢ - #
B E AT Sy F R e A 2 BRI o EDS £ 68 R Rl
PO s E o L - BRFAITRAT R DI K o H 2
Frengp 3 iv% > @ Bfcd x-ray s &~ ek o EDS B & 47 enae af 3t &
FH LY LA~ F T FE B OTARE 2 (electric structure) » @
FRTFRFRRLERN BAOTRER o0y Ko FRY FRGERS - &
Bl PR F AT 0 S A £ (excess energy) € Vst x-ray { M RS
AEBRBILPROTFIRE(0 2 HBAT S DT F) oL F 50 R
X-ray (vE > SRR EREEBINL MR R I RP DT B R 7 FI

TR EFH oA FRHNL DT FIEEA PR L WET S (Auger

k
=

z

«La

electron) » 2 ¢ E P o AT F R FH 5 Auger electron
spectroscopy(AES) - X-ray photoelectron spectroscopy(XPS)Z_¥ #F -
AT 02 ARS ST~ chg BT S 1E 5 B RIR D 7 i fr EDS 4p it e A
FTRE o EFHT FIKE FE 2 43 oof it (kinetic energy) shE A%
KAz v E p d 7 F (now-liberated electrons) & & % it (binding
energy) > ¥ M ARG ASEFRF AN F A G oo Bl R B FRF
v &M as 47 o ¥ b EDS » ¥ £ WDS(wavelength-dispersive x-ray
spectroscopy) 1% & H #ct kg ¥t e > 2 4r EDS 7 4p e e8> WDS #17#
g RIRAED Kfed T2 B AR T (T AR A cndEsT R AT o
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Selected area electron diffraction ‘{ﬁ?q = SAED » 4c Z & TEM # *
wE R E & % P F & & E (crystallographic experimental

technique) °

e TEM ch BlF ¢ > £ 3 B hnEFRPFAdgga gL img s
doenbrd K T B PP ol ¥ (85 TEM £ Blen & ply 05 < 22100

m =+ ° 2 &% & £ 2 A4 100 3] 400 7 F k&> T3+ &
FOURAE S 0T B F R o B MERINT 0 R F BAAR 5 4 i (wave-like)
@ * A+ g (particle-like) (-3 wave-particle duality f#f#) o

d A EBRETFARAL A ME BB L I A2 - B2 K
- BEESEY R RS 2 R pE(spacing) B v w A A - B B

FEfFRY oh 3 HT 5 PFF Sidkip (diffraction grating)ehé ¢ -

ﬁﬁiiéiﬁﬁﬁwo%& ERA R g FAEREFTER @
TR ity + ¢ 7 B I ERd e S 1 %f#(crystal structure) °

fe A RATHNRT F R § 3T A SR A 2 X ST P
SiE- R hRIR2 (8 0 i TEM chl o ¥ F L - k5 ehEk
(spots)-selected area diffraction pattern(SADP) » & ¥ = — B L3R %
R S 8 S HensEstix 2 (diffraction condition) o B¢ Fipld T
FRAOERFRTARSE T 0 B BRI ERS RS EEHE > T
ST BR R TR G BIF R o FE RS2 TS AR Bk R ALK
gaiIpds (5 AL BRAERFRLAFRFOHE R 2
ARSI e RS 0 B A 4 RTINS BE R g X e B e

SAD # ¢ ehselected fdp it * 7 iEH P e ATE F R T DFRS
T B S B D) o 2 P selected area aperture ®_% 3% >t F Pl holder

2T A A - FH R PRI LR NETRHET S L &
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D ER LG B AL A R ORI F B o Y
M LA ANANETF A R BRI MANTF AL BEL Y - B
oo ARz syt - B selected area aperture ¥ 7 F % FIVik 0 ik i

PEAR BRI ERHI R DI ERGY - B(EFLRER
aperture T # ) > drpt gb — F B UFLE-T R SADP e07) 3 o WL E h i
¥ FRSE G S SR tE(polycrystal) @ E R AT E Rl LR ¢ 7 AL
~ B He S HE 0 ¥ SADP R & 47 MRS K B A 7% B Tﬁ,
Taz - FTRPERI - GRBERRERIET G EP ¥ b G
VLA S R T e (crystallographic orientation)sp 3 M iz~ ¥
MU PR S R SRR R

SAED & - &% kF T H & Sifols & & Wik a(defects) dhde it 4
7 e B 3 i o x-ray diffraction #f02 e SAED *r2 Rlsnde Rl 5 3 B 7 B

%5k > @ x-ray diffraction s BRI E BB = » =+ o

2-4 X % ¥4+ (X-ray diffraction)

X-ray diffraction(XRD)&_— #& ¢ 59 3&-m &g o1 R (natural )& 4 1
(manufactured)## * & = & {8 K G4 ? #5220 hE R
#r(x-ray diffractor A*ZFH LB 2-4-1) - - Bh@HREL- B Az
B e =+ RpIEE7 | enz e # (4o cubic > rhombic &) o d %t & P[5
b o R EF-r TR A4 B T Fagegprid k&7 0 & d
EEFF AP AT Fa Pl o HiEz- HMa T TEOTH P F AN
—EF e b —EF 2 e E G F e d Ed(d-spacing) © § - &
£ % lambda #H #g (monochromatic)x-ray beam '/ theta % R & &3] -
AL E o SEEpR-g # 2 o 2dsing =nd (AR 2-4-2) - J5d B EF &
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B i ik ? 2k ard-spacing #-% ¥_Bragg’ s Law conditions ° §I

Fend Bg Txdh 22 MR Ly B U N pHEDE
FREFERIIIAT R TG o A4 D ahdEst B % (diffractogram) # 14
FI* 2 FeApte k=& o A3 x-ray diffraction shR3IZ > + & Ml ihipig
BF PRPF2CEETT P @ ¥ XRDFEE=Z P 2 g p
theta/2theta scan > omega scan(rocking curve) > §= reciprocal space

mapping °

| =

o Moo wramotor)

B2-4-2 Bragg s Lawz B|3;3a i
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2-5 w BLiF #(four-point probe)
T EBELA I EFY RERESTIESLIE B 2-0-1 EFIAE K

AHY A BIEAT L FRL i FRERAT A BEATL TR

BEMWFEFER(D - B EE N F o s k- 2 FRR=p/t -

L/W=Rs - L/W> H?¥ Rs 5 ®*gpr HHii ohms/square °

F2-5-1 = BR4F42 K h %4

2-6 % jpcg ¥ %3k (Photoluminescence)

& g ¥ & & (photoluminescencce) & - B &% - i F it & gk
+ e  (electromagnetic radiation)z ¢ » %< 7 L A~ £ F T F 0
AN F TR AT P B PR F i & (electronic energy
state) » 2 F R RF EBELER AR

B hT i AT ki

R ARSIk S i - E R AR e A A2

4 k£ (luminescence) i % o JE BT I3 S ei A2 » TG R
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’ 2

‘2®e 10 % F §/(nanoseconds) = + ¢ A @ R gFuliwT > H S
R IR VE . REAE ' TAF - N

kg ¥ Gk k k¥R - EERHE DT F 0 F g2 (electric
structure) sZL i+ > ¥ 2R 2 o e d kR D B A TR P
oo d g R RAL BRI ez e A R0 oy & 6 FRIY (FETE R
(photo-excitation)) ° ;ﬁr’ )k —"F‘fn-\g ko # F AR BV UAF
Rl oE 2 e BRI ALK PO AR R o I R AR S R R R R
@ gt ¥ Sk ehsg & Y 2 SkE P 7 (spectral content) & - 44 R 12
P P ER o

s T Al I BT S B ea B2 o B GE F R
Eoersk 3 bk aolr it ) B d B A ) rid 7o ;ggl PR - A
el + # %+ %4k (electron configurations) o4 + #u3# (molecular
orbits)¥ {# 3| & + 4 ?@I&’.ﬁﬂ%lﬂ&;&;ﬁ» i& Feens 3 P g & T ol Bt
B AT e b R 4E T o

7T K aF 2-6-1 ¢ B PL(photoluminescence) i *L3t #

oo HoPoari d e R 5 20mW 0 A& 32bnm v He-Cd T & -

Mirror 2 4 Mirror 1
!_ —_—— — 325 nm He-Cd Laser

CCD
Jobin-Yvon
Focal lens 1 Focal lens 2 . ’
Sample I Triax 320
- -_ . — _} ........... ‘ .............. J >
Stage Mirror 3 360nm Long

Pass Filter

F2-6-1 PLj% 32 A4 %4
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%ﬁt“ *AAEB AR - ¥ NI A s P L E 8 (compound
semiconductors)® & » % + % k42 & (electron hole recombination)
75 > #FuEF v L E(oxide semiconductors) e

Fl o Fpld Ak gt R GL ¥ e R £ < 3 F R o I
(band gap)) > Flpt &2 ¥ &4 7 7 F 7 F ¥ (electron-hole pairs) »
{8 ;’}_%’gr} AW AI kA L ok F A 2 T i i 54 & (radiative
recombination) i % o fe k& R RPN & F LG F g Fl 5 2R e

AR R B R A

=t

48 & (nonradiative recombination) & &t >
it (thermal energy):ha; N B f| Fpldr AL o @ k5 o & H 2454 & &

#%2(recombination process) ki Z_» ¥ iy ep & 3 VBT R 2-6-2 & o7 o

| e R
photon
—_— Eg
R
S S A S
(@) (b) (©) (d) (e) U]
BI2-6-2 d5&44R & F A B2 B
A F R T A Y E H4F £ (band-to-band recombination) (B8 2-6-2(b))

SN R AMEAERET o d NI RB L EES A EF

A4 EEp CRMABBERD - Ra ¢ - k3 AFpdt RN -2 F R

25
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¥ B %531 (Coulomb attraction)# #-# 3% &3 it & (excitonic state)
A 4 (- fAr» 2% (forbidden gap) @ ® @ # 4 ™ = aygesf i (excited
state)) » MR Ffr R 2 B ARG AT AR T ARG > 25 BA M
+Eip 3 TE gFREet g od s (free exciton) » Bl 2-6-2(c)? o »+ T+
ek Ea A4 k3 > a B EH M BEF G Ex(LE N

(excitonic binding energy)) - — B+ ¥ U pd nh HHP H&

—\
'_*“J

P BREST T TR TUBEFL TR LG R ESE 2
F A AL REXNT IR o AA ¥ 4% 3 (neutral donor) b - B RS

s - Bpd T (B 2-6-2(D) T )N - BAF RS g

g

(positively charged excitonic ion) » & ¥ fiz2_ % %+ § & %+ (donor
p -

bound exciton) o H ¥ A3+ 1 fuid T I XSRS e R
A ® X 3 (neutral acceptor)t — B aoF T 124
W R E T (Bl 2-6-2(e)"Tm ) e REXEMAL DS RRT H 0 L

For BRI E e L EH LR e T R

i

it M # L pF(indirect bandgap materials) @ B2ZR A3 H 4L A B 3 2h g
B Fgpcm s a ek o - LR S s £ % 2o
3 (phonon) #; FB e gt g st kit £ 5 Eg-Ex-Epr # ¢ Ep i &

A £ = 2 N % P gl VN 4 % K= A2 Y 5
FR g REFOEEMRY BN AP A AFF IR LS S

S

CERT R E > AARE T g - BN Efo- BRSO
L R K T e fEAT SR (e B 2-6-2(E) %77 ) o B ERT 0 F W
HRYHEF P DI e BE I RS E S R s £ 5

£ (donor-acceptor recombination) o @ % &) ke £ .7 &

IS W g e 4 Fig 1 o Fpksbia £ 5 Bg-(FATED)+q’/4

Ter>#¢ EAfrED #» %] 5 X+ - # (valence band) it & £ % ¥+ o

&)

@E A (conduction band)sc £ £ > F r £33 JX 5 2 B e0F IR o
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5 & 3532 (heavily doping) g 2 T 2cbtid it £ 5 ¥ i

2-7T 2 7% ¢ 4 t(vacuum furnace system)

PR NE R AT HBI(R 2-T-D TS ARy &S SR
GE K c B EWE AR FEE AR E AL NE FHOEN S oF
2-T-2#%77% o g B TR AR AR BN RPER KR ¥
Bk ruA PR B 0P E (thermal dectector)™ » == 1 Biscsk » H P
EERESESTEREFTEI00R =0 B3 k3831 &d 72 ¢ (quartz
tube)(E /& 6 =4 ) ~ B4 4 (pressure gauge)? % ## § /i (mechanical
pump)fe= o & F%* EZRBF L0l torr =2+ - FHRAEF F 5 (8
B % 099.999%) - g4 B (flow rate controller)fs » if § <% in
;iiﬁ%]iéil T4, (working chamber) ¥ & & ¢ » ppFg en* ik § - > - #%
HF L LEMAY hF A D FLTIEARBA FBRIFE Y OB
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FFZARPFH(REFF I IAFFEAMR) -7 1 FB FAEHR
o dE e B AR FEIFSHEDRFEF AE) B EEE D
BT BRI FI B > F 1% § 1 48(A10s) & 4 (boat) k % T4 &
«frpﬁ ikak; E'ﬁ;i’\f‘l _IEL o

Thermal
heater

Source
boat
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$z4 R B2 3HH

-1 % - PR CEI N LB RERT2LAY

#- p-type > (001)* » 2 # Z 4% (silicon substrates) > 35 i[5 fit
(acetone)* % » 2 3+ (deionized) ke ® » 2. {6d BB F # BRic > X
PP AFLFE L REZ AR I ECRAZAFE LG HF -
K & native oxide 2. # A% o JE SEM rB # B I £ 2 AR F PE R~ §

A 105202 F 2R (B3-1-D> a A AGamA+ 5 6x10° cm° 24 -

BENELE R SR AR Y U R AR VR Ko H
¢ 1,350 roend gk (B R 99.9999%) 4 0~ 0. 120 fr 0. 240 5o e 4Fpk (&
B 99.996%) B ¥t gk Seng sndivmis .t 5 (upstream) ;fﬁt“ & = 4F
Hrey oz Ko B P ARl RR(source)sE i B ficp At A
S5 10022001 fo 1001 o mlF B HE S & 2k Agh o s b
#7(downstream) » * K § (FREF L EZHR A F c FHLEF L

2E N dkny F (B 99.999%) 0 AAF&RY KT HRE S 150 scem @

=+

Pz 2 kiksh 2 A4 (deposition)ss el B A Bz H & 1050 °C 2
00 °Co B EE ARRS ALE 0.1 torr o & £ & i #4538
SEM(JEOL » JSM 6500F)% TEM(JEOL » JEM 2010G » 4% i¥*+ 200 kV) @2 e,
BREE 46 MR 2 B ST o XRD(E5 54k 5 Cu Ka )% SAED(%
e TEM ¢ ) $Es¢ 1) & RI7 1 314K 0 d # B4 (crystal structure)
fodo # & & & (phase purity) « # R4 ¢ ehit & & 0> 7 & #-554 EDS(3E %

m

3 TEM ¢ {e SEM ¢ )enfaiplam 7 5] o 308 % ges § %48 % 38404 325 nm
3 45 5H(25 mW)jg FRld > £ 55k 3# & (spectrometer) (TRIAX-320) 1z
hEE o FRl L R F TR 2 gy bk ew kg kg @
7 .
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- - v ” ., - - — -
NOMNE S 0.0KY 00nm WD 13.9mm

B3-1-1 BE*»wAHF 2 &2 &5 2 SEMEA

o # i (thermal evaporaﬂ:mn) WEZWRE

:_— |L%F’H-‘} H- E} SEM hﬂ?/?_.]i{i\‘ \-7[‘-.“ \"Iljﬁ\'\gi ?7}%1}?‘0 B
3-1-2(a) ~ (b) ~ ()4 8] 5 3 £ 38 s L%@wamg A 4

B 4o kbR AFIEEF 0 ﬁ’?ﬁ Hw (i ’*ﬂp%fﬂz 415 % o 42l (c) hiF)

Ju

SN
o
&
bl
TL,
B
WA
W
m

u'|_n. |_-,~|||'

RRERFE(DF )L MEF ﬁMﬁhfﬂ“ﬂwr;ﬁ%ﬁﬁrﬁéaﬁﬁﬁ
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