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A Nano Thermometer based on a Single Sb,Se;

Nanowire

Student : Ting-Yuan Fan Advisor : Kien-Wen Sun

Institute of Applied Chemistry

National Chiao Tung University

Abstract

Antimony triselenide (Sb,Se;) is a direct band gap semiconductor
with band gap energy of ~1.2'eV. In‘recent years, one-dimensional (1D)
nanostructure Sb,Se; nanowire, which i1s a layer-structured of an
orthorhombic crystal structure, has received a great deal of attention due
to its excellent thermoelectric properties. In the thesis, suitable electrodes
were fabricated to make electrical contact with a single Sb,Se; nanowire
on Si substrates by using the combination of dielectrophoresis, electron

beam lithography and Focus ion Beam techniques.

The electrical transport measurements were carried out from room

temperature up to 523K.The current-voltage (I-V) characteristics showed
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linear and symmetric behavior in the entire temperature range, which
indicated that the contacts between the Sb,Se; nanowire and electrodes
were ohmic. The resistance of the Sb,Se; nanowires decreases with
increasing temperature from 300 K to 398 K, which fits well the
thermally activated transport model. However, a larger thermal activation
energy of ~ 1.0 eV was found at temperature above 420 K. Results from
temperature dependent Raman and XRD measurements have ruled out
the possibility of phase transition due to oxidation of the nanowires at
temperature below 500 K. We speculate that the reduction of resistance at

high temperature is due to'the breakdown.of grain boundary barrier.

Key Word : Sb,Se; Nanowire Electrical properties ~ E-beam Lithography ~ Sb,Ses
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contact) <2>%¥* #f¥ (ohmic, contact) ; 4@ % 4~ & 78— fiff
(contact) » -3t J ' + coffug( T+ AT k) > r& BT tE -~ &
Wl 2 K42 B # Sl work-function € ¢ )enZ B o v - B p A
gk H 3 Be(work—funetion) (¢p)  Bx» 2T e
# I fc(work-function) €PM)= T Chp)> (M) » ZRAE- #7258 e
# ¥ (contact) i i dr A4 (Schottky contact) ; & 2 » 4%
(pp)< (M) » #7735 % endff (contact ) H = wo4# #fF (ohmic
contact) o [ B 1. 8] % s # A it i (Schottky barrier)frwc4* & fd

(ohmic contact) °
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(a) (b)

== ~Eranw

Holes eVo=dpnw-dr;
ohmic Schottky
contact junction

® 1. 8(a) % #* 4 7F (Ohm =¥ (Schottky contact)

i B
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1-5 - % kM2 TR RN

4ot e ifE AT E19- 3 R BERPRE R
Mol P -2 Ry RBI([-V) H T 2FELE NS ArHE P
IS BT R P R R B s o SHER - BRF M
oo BT BRE RBGR R EORIFELR < < 3 oo 2 iy
CLER- ai A AR TS 2453 F 45 (contact) = 7 B

“Rkm 7o H- 2SS TM RS A - AET RS
THER s ¥ - 48 H R e 4F £ i (Scanning Probe
Microscopy @ SPM)

() RN THEER LK

PR EERI TR REEAZ AR A AR A T RY
T A2 RIEI G - A ARNEHZ BT ESL T e A
fao A R AP REATNT A TR BFHRS ShSes 2 4 410 A
e i FEAS R AMEFIBEY - & £ F4m(Pt) ”f?:m%m ¥
1 ShSes 2 K tre R -fI* TS THEERET B LIFLE
fR % sprs R4 200K A 0 B RURTI 2 f REHBFTRE
Blem i@ T3 E e o B g4 & (Focused ion beam) ~ & +
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KR 405?4551’;?/? °

(=) ## ¥ 4 5 (Scanning Probe Microscopy > SPM)

- ¥ LA F 7 kAo (Scanning Tunneling Microscopy °

STM) £ 44 + & #ci#s(Scanning Force Microscopy * SFM)[BI1. 9] &
~Hg o ptebiBg R A1 B GldedRde 5N 175k § B st (Scanning
Near-field Optical Mieroscope®SNOM)£2 34 = % & ic4(Scanning
Capacitance Microseope » SCM) &+ H 2% 8 -

SPM @ & % % P SoSTM SR d RS 2 % F e % L in & 1
BlEo gl AR EFREaz BT AR L RFTEERIE S
H- Rz A3 i A HA R PAEF AL LR o d ST
HESEFETRE DL LRV TR RIE L2745 FR 02
oY - E AR E TR EFRSA G R E F A
R UG o ApE e SFM A1 * FSE LA e B eniv* 4 K ERIE 5
FEROFRETFER CHEFREOLE R RS F - S
HHET AL RO RIE 0 Jed Ry RS 2 TR
BRIDEBA P eniEr 4 A0 FRE LG Bl R T
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SEM g B bt SIM L5352 R*#FAR Ly - 35 > d 3
SEM ehie® 4 FR ¥~ R+ ¢ B> F a5 BT A ST

A o
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B1.9 SFM #F&ehi & S %A (cant B X (tip) A A o F I
BB doG A (Er o pEs BB £ 4 W o 4 AR T 5 b
FE R O B T ehim AT R R
(Position Sens E3eRgET>FTE J

bR BLOR v B
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T RBARF BT T A LA BTend R AR AR

e

ETINS

FRETEIZA LA REITFT AR A AREF RS RIITFRE
Pt S e - BE KB A T A BRRMAE ]

WEEAER AR ESE F M(quantunwire) © - BE F WD

=3
ik

gl
A
>y
ETIS

G=(2e”/h)N » B 3F iLemE. 5% 2e’/h > 4 [ B 1.10]

-

A ohie R T A K G B T B b R o

I

Ra REROME T F TR 2T G AF AR

T

$e it en(diffusive transport) » 4c[ B 1. 11](a)#r7 5 4p & &g
MEPRTF T BIL 0 R ARG RIS 0§
SULE AR Bl Bt iR ch(ballistic transport) » e[ )

1. 11](b) #777

e
mi
=3
=
[
IS
o
=l
Jﬁ;\
=
&
)
b3
=
T
ZH
4y

T AE AL
TR AT A G AT L G A HERT Y A A2 g i

o o)l e
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Conductance (e2/h)
%]

500nm

S00nm
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T, /f
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- /rE.DeE#h ol / 2.0e2h T ,? 1,762
‘—z/ 2.0e2h - 18¢2%h T | 2,062 -
| A S T N | i R S I
1.2 1,0 12 «1.0 4.2 1.0
Vj (Volts) Vg (Volts) Vg (Volts)
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(a)

I==le
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A

(b)

l=<le
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=

1.11 %+ A(a)diffusive transpert=(b)ballistic transport i&#: k=t

g
=
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-7 By

Bt VoV % %3 B ShSes T 4 @ AL BH TS
1 H %8 (Temperature-dependent) T &3 -7 BR([-V)F ¥ s
Bl dar2 & > PrAe s 2 7 Bk o & R34 H 42 SheSes 7 o A

#F i (intrinsic properties) > E T -2 BREF M B E_4F 5

PRm & L RIH 9 SheSes 7 sk AL AP § B PR 1T deofe 2
T~ 5 H AT SheSes 3 oF S{CRUEE ¢ 2R H 19 SheSes 7 5F W7 14
2 f T TR MG R 2 SRR AT o 1T E RTF ST B <
#iE* AT AH (dielectrophof€Sis) 3 4k G kg (77 2 iz
— A KB ok f A Gttt AE B A a0
Fa g ¥ 4 Tk (dielectrophoresis) 2 5 $ sigie3 2
7 ~ 7 i H 43 SheSes 2 5F & o

#r A F A d (dielectrophoresis) ™ ;2 » i —  B-H {35 i
4 (SheSes) 3 F 54 o (free-standing) te— 48 2 % A > T RI¥
BT RI-T RS SUE > T H 195 14 8 (SheSes) 7 F ARAT S

FAEL 8 FR L RT ReL ) a T
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¥-F FLIERERZE

ok Ve Y

P (lithography) &AM TR EAEY FFH UL 0

She

£ 0 RPN EE DS

EwWs

T R BRI AR R BHET

¥

Bl M5 R EA HOE B od WIS FHT BRI RF LA A
S Rl E UERE R R & S e S
ER g km HRERE OB WApaE 2 kR E2 2@ ja i
ﬁlﬁm@‘%i’ﬁ)“"%ﬁ:rﬁ’\J Frd i P4 2 R o %i—;;

S MY - e B QA TR R A (W2, 1] Mz s i g

L

5!1’(

AZiE 2 IRIEH o A2 ey I AR R R A

i

IS I
Sk ICHHRANE 0 BRI RARE - T0d A4 AN
Pl AR R R e R R i e Y
AL 5T R KA KT W eEc ) SR KR A £
St Fp & @R )Ry FEMEAE B2 g R e
1953 F1# Rl (Rayleigh criterion) - &5 & 5ériy 53 4 7%
BLRRCHE SRR ) ERGp E(A)F D > A HHkiE

FUE(NA) S FE b 5 7R
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A
(D)

R AT IE) o @ -----------------------------------

“‘fﬂ} A3 o0 3e44R Y | (diffraction limit) o 34535 @ B

v B R R R GER o A B EI (N R~ aif s 12

BT OURF TG 0 45T 2T LB RUL T

L FY & S RE A SR IEFIEE b

s

P

¥

Mmoo iR

e (2)

DOF(R V) o —2
(NA)

AL A YR E RoEek R

;rsg ¢ ¥ & & =& (Depth of Focus, DOF) % |~

BEERANS ﬁ'ﬁlﬁ £ & A ST ErmE #,gﬁo B E e TR

DR A E R AL X %

Sk LEMEYEAERENENAKCL R FRE

1 g REEERLE {Ehkih o AT

F SR . A A

BE - BRRR o AR M TR R ARk S REAE Y T G

Tenk 4 e d 2R FIEER B o F HEOT

bt r ] ST PR IR T o o § 7 D B el 3e(§ R

FEHFE) X i 2 R XL - BARE LR IR o

BOSATRF R A Y o U RE MR E S A A& Ed R
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HAER S ~ LB 0 Fla & A o [ B2, 2155 ¥R £ R G-line
(436nm ) -~ I-line (365nm) |4 i* & (KrF) # 4 5 3 % (248nm) -~
i & (ArF)3 &% (193nm/DUV) 3|4 (F2)3 % (157nm/VUV) (G &
157 23k ) mpax i@ % erE% vtk (deepultraviolet, DUV)
a3 o AT k2 f347 & (resolution) & Ximeand & 7 B > Fp
FEBEBUF A MEFEZERR LR Z1OT 248) 3 RT
F 20,07 fck > H L] B ERT P EEF RE Rk
oo TR 0 - BN SR AEE BT Aol ek B
B 4e@ + & (electron beam) ¥ Xses &% ¢t & (extreme ultra
violet, EUV) ~ Zt3 & !(ion beam) % [% 2. 2] » 2 ¢ T3 d X k&
b 2L s g2 TIE W

BF2 @tz 18 5 VEIER AV EPR R 0 3F S PN E AR R
P e ST FARER EACHAFRF T F R~ Xk 2 R0
3+ R B i (ion-beam projection lithography, IPL) % - [
2.3 m e HON AR KB 0T S FIAR BlY oL ey
Mo B AT R BT R ok R B TY S S P 5N
T A[W2. 4] g4 o

Bk A R KB AT A ko SEIEA A
TR Al R RARELY o des RS LM ) Raned o
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1yxde Broglie= ;% » & it

he=h/P=h/Q2qmV)1/2=1.22/ (V)1/2 (nm)

Fagam 3 1 F S > g F AT A (b 4o 2 R (Cell
Projection) )k oo i (B Ak BE A X chiet d oo T s
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Min. CD 17/' Tool Price
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1000
700
500

E

WavelkngthMinimum Faatur Size

70

300
200 m

100

Trand of Exposire
avelargth Reduction

Theoretical Resolution Limi
using Resclulion Enhancement

E Techmalogy

Trand of ULSI Miniahurization

€073 Years

1970

Wavelength trend in optical lithography
contrasted with the miniaturization trend in integrated

1480

1990

Year

|
2000

2010

circuits. 1
[B12.2] |5 peds W ARS% ;% B35
[£2.1] &A@t i
e MEAL | hbBK | BEEE | ERHH | BERT | A
(& B /5%)
" R HAR B H G [F] BhH Ok 6
A
s P b G [B1/10 mm ALK 250 nm 10~50
A A 180 nm
Fi 42 b 4 100 nm
5 | adau B0 S A a [B] 4 8 H AT 150 nm 45~60
N
FREEET R =R BT 0.1~10 mm 34 10 nm 0.1
X# pio X da B HHUHE 50 nm 10~40
EFR 5% T+ R 0.1~10 mm AP 2nm 0.1
R B PR Biir LT A G [ % e 10 nm 12~60
| Eahsg Ak BEAR A s 3.5x3.5 mm FHUHE 10 nm 60
B R EpANE
R PDMS FK du ] R 60 nm 10~20
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S i Al 2 o RIB Rl
(DRAM 2§ - oK)

Frat Yeer of IC Production 1559 2002 2005 e &l 2014

N

" [l
A I EETR — o
MBI - HEURHLE R RS - A - MRNBET 26N BRI TASERE

B 7l -
N T -EICEEZE—F ST ER{LB R NET A

L g

(2.3 Rl e e i

o
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=——— Electron Beam (1 mm square)

Reticle viaw

1 subfield = 1mm square
(area handled in one shot)

Reticle stage

Electron optics
{1/4 reductian)

Wafer stage
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2-2 &% &P % ¥u(E-Beam Lithography Sysyem)

2-2-1 T F R LR
TH AN R AR PEHF e INL TR+ EF 4 (electron

optical column) ~ 4% (chamber) ~ 3 i% % L% ¥4 % %> [B2.5] -

T EFHLBEL I RE[BL06] > 1 &#NEALEY AT D
T3 Ed iy ARk SR L B TS o Hs T RN
RS o A&k twe 3%+ (ElectronGun) ~ &7 F A £ER
(Blanking )~ % £ i 4t (Condenselens) ~ 4 & i+ ¥ (Stigmator ) ~
# 8. (0Objective Lens) ~ TR (Deflector ) ~ & + 1 #| B (Electron
Detector) % ## L > (Stage Driver)

T+ # (Electron Gun) A2 £+ 41 & 5 = fAgd . £ T+
(thermionic) % 3% % (field emission) > = iﬁ R AR 5 S
48 (LaBb) » 22 M B WL 2 B &4 A AL T F A

d T H4eid 188 7 A

Ik

e Aogs (W) o d 30 R % A7k it

%

FTENFLFRBE T NNV RFEAA L SR DOT IR O IPE R
B (brightness)# % > f @l ¥ F # 5% F#t o
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dEIRFHIARPTIEATIRMATETIUET T LY
o d TEAB TSR ESENET I LAORE HRE
kv d Lorentz Force Equation% 3% » L[B2.7] - T+ RAEE
B s T aet R R R B A R BRE EH&

Fo LAAE RS B b T A (e HRE R

Al
=T
R

F kA r BT R LN o

6”34

B

\

k&4 T 2 hig 47 ik (Deflector) » |3+ & gk

6”34

e iz A & A3 BI0A - FRAe & % § g (electromagnetic)
G REAL BITE BRI R T Ll R

(electrostatic)™ g dl & + R adTo ¥ 27 2.z 2 BHiTen
FRECL R R BT FRRITRE R R AR G

Rk MR RLRET Sl o R T T iRy - £ A

Al 3+ ko2 R k4 (Condenser Lens) » |3 3 & kT
o0 2l VIR 2 F AV R o PRI BB BT S
FEfk o M GIIRALTHERR o T AMB LR MIFH ST S

(Electron Detector) ° ;T}‘u’v’ TR AR o
(= )%z (Chamber)
FAITFRERT S gk 822l A4 (substrate) » AFV
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R RFHR TR Y PR L E LD T AR T YTk

FfraeSbFEasa T F AT RERAAF I EEFRIFUA

N

A S T P

(Fo g ) 01 171 S ¥ 2l
FEBH BT VAP E TR A ER  ZFAE AR R

HR % o

Fe 17 % o2 W H gt tWindowsi & T R i # ﬂ
i m (Graphic User Interface»GUL) Tk it » & 7 # i cuEH 2
SRR R X PR AR, B T e i)k s
AR EFE ofp sk ) e ik o R R TR TR R

it % de o &2 F 187 4 LB 4remedlag 5 (Modulation Rate)
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2-2-2 B F RIS AAICRESA R

APET T T AMHE B i fr“u{") TR R TR

k¥ (Mask) > * RF R RERUBEERTH | AFLYEFT
+ e (Electron Resist)sds flF o @ BT+ AR R iviid
RAGZBIFE > MTRAERBHEap
(- ) *% (Spin Coating)¥ #ic*% (Baking)

7 F re# (Electron Resist)pAns & ~ fEF > % 58 A3 &
E AR BRI R A F ARER A F R AR T T AR
BEF et L[ B2:8]e & fed dedsk s o gk 47 %7 - AR
EARBE L ERIE AR A FEALTEE ) A AR LIV ¢ AL
BA o AP B vk * g F el (Electron Resist) i ZEP-520A >
PER R A ¥ - 2w NPT AT e oondiE R Ipd e 5
B o MZEP-520A k3 o A gk 95000r. p.m. PF oo FEAI O R < 5 F_

300nm > [ ®2. 9] & ZEP-520A#& & 5 & % o

wm LR il oo

(Z) SAMEER%
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F1#* ELS-TH00EX#s - 4% i ciWecas’g BlAz5  [®2.10] > @ p 2

SR RN S R IR e RS A R

AR AT S FAIEEE Rl 45T I hbeid TR S

BEJDEE;‘F!:!F ~ ]Tﬁ:]ﬂj&vfgl_, :%E:..- M hl_’-ﬁ'ﬁmrﬂ%ﬁli(

=3
il
g
~
k=1
="
—
0.
=H

F 1A eag s B (Sensitivity)id- 2o
(=Z )% # (Developing)

BMEROERIHETBAGMNESF FE G R EEDG

)

7% A o m ZEP-520A % ek B2 RIRIZEP=NS0 ¢ i Bg o2 15 > L §
BHRAF 2R AF IR X I H TR EEY - 2FF ALY
## (Etching Process)s & #ap@l#e(Lift-off Process) > L[

2.11] »
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¥

4y
4\

2-2-3 R AAR AT 8 T A
(=) T+ AT

T RHEG Y DB E > AL BT F it A2
- oA IR RGZENRA oA T E L RS KRR T
v 3 eSSl > £ 4 b i R R EFA (depth of focus,
DOF) » #7114 i 3 22 % JL 18 e g o 12 £ 3 O ey 4ot
(scattering) eF 3870 5o PR 1ok ak ao & enT F L &b x JERIPF > BB
PR~ Z B PR AP G B e T & 4 S 2 LS
R[F2.12] %% 0 HEHG LR B i % 7L 5 s
BfLap e > m R R R EERTE A o A ch VA R
ko2 EARY R BEREDOEEE T T LE R TR
4 PR EAL & T 4TS (forward scattering) » B 48t chge Bl 5 @
B4 w2 ATl A g s L F 478t (back scattering) » #14t
Benge FER o fI* B3 AT I AT AT L - FrSE VARG
TS AT ST E R 0B 2 Bl 4o

G(r) o Gf(r) + 5 Gb(r)

B¢ oy s FATHow Arst 2 B ot £ Glfo BRI e A R 5 £
2R eted TRY B GI(r)foGb(r) Al A B] 4 71 5 FT 8o & 7ot
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B ETAE Sl — A T o ek TRARK P F RS A s T

1 ( rt | 1 [t
6,(r)=—exp 25|+ Gylr) = ——yexp| - |
;TC"J.- \ a 7 /.' IOy, .
offrobi k-2 A SBciF b4 Gl (S d R E T E R T
B % 3
2 2 2
Crf = f an

U_fs - 2 1.05 % ID [JD;I'g:j:_r | }D'E [Z Vg :h.l.:?

Jszcr;c—ﬂm
= 2.8(F, /1000)"”* / p /100

HE¥ > Rrms i A LR FRE S 3542 5 (Root Mean Square) ¥ 4«

BEB TN ELFIAREGIM 02 7R R A RFE LR
BotAAR R o Vas el T o STICE G T F F Featerid
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TF Aoy 0 B BRER R DR e b g
BT & A i B SRR AR BB 7 4

Wk g d BT R i B2 fpteo o @ g i B Tl
R

B2 (Proximity Effect Correction )it » H g §_#-3 Jeic £
R ES LR P B S SRR I I s

;IJTE‘fj"; ;T\‘ e 1 I/Q_U; o

ko FHAT S AF TR e FRE CRP 0TS AT

pely 0 R EB RIS o[ B12.13] ()R & LA & IR

B
W
=

Hajez =5 A2 1 o § LT F LR 25 2

(o
F_*

PEE TR AR L - R ERREDET R #E R
T+ A ZET A A RS T ST R R T
[B12.13] (&g x5’ * g s R eSS B X E L oFm
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Cabinet

Irradiation unit

Main unit
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Control unit

Operation unit



GUN

GUN Alignment

Blanking

Ist Condenser Lens

2nd Condenser Lens

OL Alignment

Stigmator

Objective Lens

Deflector

[solation Valve

Aperture Driver

Height Sensor

Stage Driver

Pico Ammeter

=

(w2 6

Electron Detector

| gl

SRAEE R

Tl

o~
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|
e |
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Vacuum Controller




Lorentz force equation: F = q,v X B

Eleciron Beam\\ = - \\
By ')V’“
B\ {
A =
| |5 B

electrons spiraling down the axis "
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X
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ZEP520A Spin Curve

:

—a— /EP520A
=« =ZEP520A-7

Process Conditions
Substrate ; 4 inch Si wafer
Spin Time : 60sec.

PB temp. : 180°C
PB time : 20min. (Oven)

g

:

Thickness (A)
=
(e

2000
1000
0
1000 3000 5000 7000
Spin Speed (r.p.m.)
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Lithography Process

Spin Coating & Baking

Resist
Substrate

Exposuring

Resist
Substrate

Developing

Substrate

Resist

Etching Process

Lift-off Process

Etching

L

Substrate

Evaporating Metal

Metal

Resist
Substrate

—E

y

Removing Resist

Removing Resist

Metal

(B 2.11] Acg iz R
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$:3  F{ReRsdd

3-1 & & SheSes erth %
B ShSesz R Fd WA E X B2 ARETHRT
R T R R LT o T L - aShSesd A BHEUF AR
5 41968# - Zingaro® 4 I * 4l (v = prphpife A PR L o M
T a v = BE(PSes)frfssg F 0 (B R mEEpR e ik 0 TP S H rde
AR AB L o I B E Docdp il E o S (Sb(CH02):)
= Fo e be (N[ Se:RCOR).) ], R=Pr,%iPr, Et) 2B ™ F Ji -

2 [16]

B T)4% N LA &  HoE R N e

Sb(C2H502)3+ 3NHs[ Sez:P(OR)2] —Sb[ Se:P(OR )7 ]s+ 3NH:(C:Hs0:)

SbISe:P(OR):Jsciz H 5 = 1B = /o BkPL e 1 2

(0, 0° -dialkyldiselenophosphato, dsep)# & - B¢ <& k5 >
S EEY NG MR o[ W3 1] A s mREG £ P AR
T oA AAGE Y § M dSe-Seitr 4 T T A 44 dsepfe

ok b HP-Sest 2) S A 1 4 & o BHEPT B do[ M. 2] 97 -
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FE Az 0 F L ENH[Se:P(OPr)o]eng @l w » | =i 5 4%
B diPiSes » fo R (3 - Azt ML A E b0 F Aol PEE BB RS o
EP RS RIAE S v FFERG A B £ N
AR R RITEM R & 0 hF F TR AR ARAS 4
N AT e T W ¢ AN SeP(OPr] 4 & o 42 F fEB L
NH4[S€2P(OiPr)2] » BN H IR RFLY 0 4o 2 CHCle ~ Sb(CoHs02)s 0 B %

FMELL S TP AR WA ¢ 0 B BBk i

1:>\,

rin-hexane’ it {4 > ¥ 7 3|3 .4 ¢9Sb[.Se:P(0'Pr): 3% *

% {5 P~800 mg Sb[.Se:P(OC:Hyls >+ 2 LomL 48 & 5 4% 17 4hdh
BARLEPN o 4o~ 10ml® % 0 RAEFES H100C TAREL2 ) PF 0 F R R A
(PN A Y iR T MY sz IT0 Clegc v 17 2 ¢ chSheSests
Roo* ptgE ik > B 100°CT PréglE R e ShSesd A &> H B T f F)
# 30~50nm > & & B %) 5 2~3um e 2150°C T “ra& D) % 98boSes 2
K s HE S S 70-90mn £ & 45 B9 5 3-5 umo 4o M3, 3457 ¢

wX-ray S B Y 0 L[RI3. 4] 2P 5 FIShSes 7 oF Ty
St (diffraction peak) 3" # & Fo  prJCPDS 15-08618h:Ses - f
*torthorhombicehds 4 >a =11.63°b=11.78>c=3.99 A> 7 @&
FoPbom: 2 d BEHRBY A PgAR T HCSE -

A3 A% 245 (EDS)[ M 3.5147 % > 4 # A4 SbirSe s =%
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A (CuzBEk p drie CE & f dr e PB) > ¥ Sbr Se v+ bl
% 42:57- ¢ HR-TEM[®] 3.6]> ¥ 123+ & 41 Sh:Ses 2 3 5(120) 4654 &

1k fF iE(d-spacing) & 5.249 A 22 F#L & (JCPDS database)_t i

A0 217(da0=5.250 A) > ¥ ¥ ¥ B R N RIS F[001] v 2
£,

Attt b oo SheSesVoVls & 7] e Hogl > o A& #%} = 1.4~1.b5eV >

BB F i+ € #/iET L DR T EF (thermo -electric

properties) & if & T 5 £ 7 ke
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EE-—-"-'Sb__'—-SE
C-H-.G-—"F"'/"'—'.SE S —~—p—ocCH;
C;H,0 0C;H,;

3. 1, 4SBESePOR) 1y 1755 1

CH,0 OCH,

/X
S:: i Se Se
it / ‘ thermolysis SL
. &..—-—""Sh"—-—-"____sc -
;r‘/. S£\< S::‘J Sc/ \&
CGHO0—F \—~P—OC;H,
il il SbSe; fragment
CsH,0 OC;H;
Se Se
zSe =Se
_Se . \ “Se] " © \
S"\ - N TR
U s et 1 e e
e G hydrothermal |
se Beiii Sb,Se; nanowires
~=Se s _=5e
K; 1l \ .“I/-;c: i \
S ]| | el ‘\ . Se—Sb
el

intermolecular Se-—Se interaction

B3.2 # A2 E = D1ShSest R B
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150K X85000  100nm WD 98 5 150KV %5000 100am WD 10 G

B3.3 ShSesz s ﬁ ‘:_ 0GR ; . 100°C 4% & 518 ch

: . 7523 um (b) &
S 5 70-80 nm 0 £ A

w
Q.
o
>
D
{
o]
E
100 Sh_Se. standard
o= ey
:g 80 <
? G ]
85 60 -
o ]
L5 40
0]
. | J | ‘|
0 | | || i

20 40 80
2 Theta

B13.4 SheSes % 5} & & Xk Y54 )
(Sh:Ses standard:JCPDS 15-0861)
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1500 -

Sb:Se=42:57
Se
. 1000 -
[75]
T
=
o
L
> c
‘B Sh
c
o 500 - Se
.E Cu
Sh
bk e [
0 IIS,J w ] ! \ ] = L“-f"\_ | . |
0 3] 10 15 20
energy (keV)
B35 SheSes 2z sk & eEDS~ % & 7
@) —r-ccaail | (b)
P
\\\ e % 5.249 A

. [001]

(1.2{3) (121)
L ]

(002)

®13. 6 SheSesz st & cHHR-TEM®] (a)(b)4-SAED®] (¢)
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3-2 SbSesz ¥ REPERFEHT

AFshe STRAFI - A3 K B ShiSes s # B 2T 54 T
T ERARE0.8um~l.4um A — b E R Sum Lt e
- AR T GRAL R R RN Flt e WG 5 T
B RINT AR 0 frkiE B-H 12 SheSes 2 ¥ M5 AT &S 23 > SheSes 3
Ffe g BT w2 T 7 LF i (contact) > R EARF T MEE
1R FIEE 0 2T KA € 444 SheSesd ok T BRI SR T WAt

17 e
(R /7 g

ERABRARG L ARG 2R o w2 AR ARG
AT 2 F R E A a3 NPT, ] 4

A6 um T > gk E R A A 46um Dt > R AR IE S

)
«
-3
-y
i}

208 LT HR - RERNE RS 1.28um A £ FR2 A pEY L
390nm > A ¥ E Eamz FiEdp s 4.3 ume Fli mtes 3 £ M A ik
AR M FP AL BT RAFRIE O F L 77 SheSes & ot s
GRRR RIS RS 3 R R BB i 2 It
LA E 2 RK-SheSes 3 oF A B & o
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TRATEA S LR TR ERAE o AF L T ShSes
6 AR % > SheSes 2 oF Aiv A £ FARZ RS SR 4 0 I 2
AT A 2 k- ShSes 2 F M B s H T UH - ShSes 2
ABHEES LER2 AR T A FEF R I DT ERE
2 HZRtE2-7t&3e
TH24 4B 3.8]7 F 38um T > hBIFETH> A A 38um
L REEFIET F10 £ 500 i BT MR 58 T HRTE]
pum e
T34 4o[ B8, 9] F88puil- T F e FETHm o w3 38 um

T2 REFET ¥ 202% 500nm e T HER > 35 T HRTE]

om e

3-2-2 AR ik
A b oo EEn a2 S FI(HREAs) 0 RIS

Bl 50.001~0.0050hm-cm > & &> » % (001)%0. bdeg > & & =

526125 ume 7 wWE 2 (s R 2R 3 B v (Leakage Current)

AL i BB AR L8 F 4p k44 (PECVD) 2 £ 7 2000 A5

K eng it K (Silicon oxide) » 5 £ h R &™ > gk o £ f1#

HET 7 o #-H 2y S 2emx2em HEL Y 0 FIMERT R AR R A BB R i
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B GR A PR BT e F o ALY &g N FE L
FF e 2R3 K’/Tt vt = R A LR IR e T e ik
RS SZBHIA o w - BHF L RAFR KT [k (acetone)

SER Y P RFARTERIO A4 PO piad iy B
T2k o %235 A% &3 &5 % (isopropyl
alcohol, TPA)s&E4r® » * REF A BRT BETD »48 > P p 3t d
AEZFATORM - 5= HhFBGEnET 2 §5 k(deionized water,
DI water)s@&4r® > B BRI RABRFTERFT T ~48 0 P a3t BR
FORFMEY AL RFT R FREAY L d3 g TR A

Ak A eha 1F o

3—2—3 ?, m*ﬁ:ﬁvi lna

F_&
d
9
o

Foehais BT iﬁ}{ F PR g oo BipA A
® % g reA L ZEP-520A 0 A g BBk T o iR
T e A AR ER R MEEE 5 500rpm £ 9 10sec » -
gk 5 5000rpm £+ % 90sec o M P S E g F T F A DER £ K
2_300nm - 4-[ B 3.10] - 2 & & * e 4 4x (hot plate)# ™% - % 2180
C~2448 -
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3-2-4 T F L
T AR RTR T AT RE DKV R+ 5 600pA o

P &P (dose time) % 0. 18 us °

3-2-5 B¥
T ARSI RA Pz ~ ZEP-NSOR R R P 2448 > £ * [PA

2 DI Water iFi% > e * § §F #Ric > T+ T F AP aflie-

3-2-6 & &% a4 (E=Gun Evaporator)

BF T AR R RS o RLE P 1ok e (ZEP-520)
& % R BRI (ZEP-N50) » T m e i ks T Bl X &4 T A
o T - H W 2B mehadE s B(Lift-of )@l - b F4E
WP RY R A F R PR T Ak SL(E-Gun
Evaporator) » f# % 4% @ (ULVAC) » (EBX-8C) » 4-[®) 3.11] >
FaREAETEES D £AW, 40N, &#AD, £(Ge), &(Ti),
#(Pt) - £ ZE s BAEAEY £AD > A 2 E* £(Ti)/ £ (Aw -
Fle 5 B Ear ] WArats o5 U & B A E(AD T
WovF b R B £ ks A (Mask) s & & (Au) fr 24 2 1 i~
e A S RIS B & (Au) g B 5 vl
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(Chamber )i = B& = % ©

g BEADmEgEY > R Z 80nme ex = & Bzt o
FEFpE P s ¢ ke (ZEP-520) 3 ke (ZDMAC) ¥ 3 | PFiE {7
Fy(Lift-off) 2 e dizg # % 2 5 AR (IPA)~ 2 3+ -k (DI Water)
Rt REEIFD F § (N RoeRiged > =¥ £ HR RS

BqliT > 4 [ B 3.12] -

3-2-7T HEa3 4% % 3u.(Reactive ion etching system)
5 7 1 SheSes 2 A AATES R RIS 292 IR R & 49 4o 0 P
B g ey AR LE)RA2 -5 t# (Si0) > # » 2@
B i < F44¢ 0% %R EEEEFA 4k % (HDP-RIE) - 4-[ Ml
3.13] - % WAz A 1 g (AL) § i redg & (Mask) #-= F i # (Si0) #

TALERE 5 200 nm e
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A
AAD516 50 kV 5pum  4000X  A+B 2008/09/04
—

COWST TELSEHE

I n
I 1
AAD626 50 kV 20 um  1600X  A+B 2008/10,/03

® 3.8 % &2 SEM
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N
1
AADB42 50 kv 10 ym  3000X  A+B 2008/10/03

P
AAQ645 50 kV 2 w 12000 A+B 2008/10/03

B 3.9 T 1& 3 SEM #
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LOCATICN
DATA SET N WtsrHo Spesd o CENTER BOTTOM LEFT FEGHT ME&N 8TO.OEV. Deka' Commenic
) Ha. irpmi  fangeiroeng)  fangelromis)  fangelroene) ! = 3 3 %
DATA 8ET 1 1 EZRO0SE 40D e fr= ] Ti2E TS e 717250 3421 0& netEE
2 EIENEE MO 785 T I 7384 7340 73212 2229 Ca n=ibd
3 EEIOET D 7185 7383 723 TiET T8 73120 Erld s
4 EZDEE I EEE] B E B B 514500 a0 [H
5 2000 5904 5136 o83 5096 S08s S101.00 1502 o7
5 1EITMBE_IC 30 4174 4133 4173 413 e 417553 132 k]
7 DEITOE_1 20 4152 4188 4144 4150 4150 415300 254 ox
5 ISZIME_AZ AM0 ®a2 =57 EE] Erg =33 350550 = 0B
3 EITMHE_IT 40 #13 3821 3233 E Ee 350430 1251 o
1005273005 14 5000 228 3288 E 2 82 34140 JEEH] oEz
11 D52RO2E_AT 5000 Ere] 57 20 o4 Ere) L0 45 o
DATA 8ET 2 12 05242005 1 5000 225 231 E 252 254 3227 1477 s
13 05242005 2 SO0 4573 4454 P 283 2585 372820 2557 REECT-DI
1 000 EaE 07E =73 B o 2011.00 =R 118
15 05247005 4 ED0C 23 = Ee) EE) ) 334520 EE 147
1% 7000 o7az o 2774 EE 27E0 arsaz 171 oel
17 DE2IIOEE  TOOC o 784 e e Fredd 2r7EE 1070 o
15 DE4200S 7 8OO0 %23 %35 2633 2621 263 253050 S5 021
13 05242008 & EOOC e B 2847 B 2883 254587 EE o
20 UMLE D00 %633 e oraE =W M ariEs] 1553 om el
21 LUMLF eDg %643 m o 2 2675 255820 = 131 5110
2 LNLE  emo BT B gz B 74 222220 1544 om =itk
23 LMLE  EDic %31 EH gaET 267 2674 258023 011 FETRER T
24 06280005 1 ED0C 425 21 B T 26H 288540 ] 117
DATA 8ET 3 2% %2300 Z EDC 2227 2271 = =7 222z 2552 7.8 [k ]
25 DE2E2005 4 EO0C 2573 F=H sz =7 257 257330 T oo
27 D20 EDNC 855 258 2841 =5 2884 254800 1555 02
DATA BET 4 25 05242005 _15 8000 X539 ZxBL 2:®58 251 x5 2e5820 417 ote
23 0524300515 EOO0 ) EH 2850 B = 252080 g5 oo
ZEP520A SPIN SPEED [f) THICKNESS
5000
7000 "-\
g G000
5 ]
£ 4000 =
N E—
i
4 2000
=
= {000
a
[\ 1000 2000 2000 4000 =000 5000 7000 5000
SPIM SPEED {rpm)

Bl 3. 11 &+ 1 &8 o
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1) Cleaning
| |

2) Spining Coating & Baking

Si

3) Exposuring

| ] E-beam

Si

4) Developing
ZEP-520
Si

-k

5) Evaporation

| l l l | Ti&au
ZEP-520
Si

-k

6 ) Lift-off

Ti & An

0

Bl 3.12 & -FRUwiia
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Bl 3.13 & % &R B M3 4%k % HDP-RIE
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3-3 A & A% (Dielectrophoresis)-

5 # i

doim 3 g - % SheSes 3 oF 2 =% &2
H 42 SheSes 7 F 2 B 4E o Birdl- %
SR B SABRERY AT

Bthe AR A ~Er 4 A% (Dielectrophoresis) i »

s BARPIREE (DT VM - BRARDEFR PN F 2L AR

B (RS R T R T e B - B R

3-3-1 4 & A#H (Dielectrophoresis)

fi & A # (dielectrophoresis)Fram £ > & f*fjh{‘?\w% e
D F A g 7

A R OO AT H i 20T g e

R SR S B e ek e - B P iR R AR R &

- BHRAF G EEy o M H

-

ST TN
25 AN frﬁjr‘ [CERE: Frutica oM el il g ol St &

2B I ER S RERFOF TRT BRE L (B £ R

b3 &

|l
N

—

Ef

ERES i

ALY AR R o TR AT R A A 3R E

AR AT B g S G R RH o ke 5 #O



AP ER TN e - LA TR TT‘Q{&”P e HZT
TIPERINA RARRD (T B ) RN T TR AT F e T HD
G RPEF - H AT Aok T H T A G E S S s PR
iz (R B) &t mﬁm‘:,fhg LI -pERd (MTHE2ZLTA
@ 4® 4 (dielectrophoretic force) ;) i&m 13 = 7 kA2 R G0EF
Ed oo TR AR AT HmFE & 0 /A7 &1 (polarizable)

peet e 3 $23 (non-uniform) e?h 4 T 3¢ g A i@ d o AT

Ber T4 R Al JAEE AT, Ak T 0 TR 5
(non-uniform) ¢t 4o 5 B[ B] 3. 141> 3 % ~ g e R *
A2 T H o M R 5 Es#E T (Radiol frequency, RF) & it
(microwave) e B o etk AGRLT 5 A F g d R 0
Fre L0 IR A Y ATE i ERDT e (Bde iR R RM

- R AFA LT RS RER T )T

St

BEF AP DA TR ) TR ILH 0 vk b FHE
Bt B AR G B> REP fvh e 2bin g T8 O WL MR
5 ) nE S S N o [17]
fo X =ixE X

AL RE - T e[ 15(a) ]9 o T Y- 255 T B2

0y
Ju
&=
(.
M
P
K
ETRS

2R AR W E(permittivity) & &, 0/ F e 5 2bIE
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AP r EApENTBRY i e g FIPRHAS WL RET R S

SREH r=li o F T A RIERAE ) e 20 THS TR o

BEd o BT AT H L Ead 2 4 BT AT S

F=(p-vE (2a)

T=pxE, (2b)
ML NT Wil s AL o L Bensk o A5 4Tk #s

£, e[ M3, 15(b) 1457 « & B P BB r (5 fan - 2
bl T kot
o, -
2o flere F g (DR (DRNT @ skt oD b e
P =476 KR'E, (4)
# ¥ K=(s,-2)(e,+20) 4 5 Clausius-Mossotti factor o #-(4)%F »
(2a)¢ > 7 UEHHME A RIF e, o ARIEC BRI LT H E
wray a4
F = 27R’¢ KVE? (5)

I (BN F K0l >8) B K<0le, <o) FF > AL E A W T 8% R R

B %S R IT N R AE 2 T I (positive) & f (negative) e 4
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TAd ) o

Wt NP E- KT g TR B ARt e T
B o~ FEm b be2iin g T HITE 52 Sl
E(F,t): ReE(F)exp(jwt)J (6)
2 Ef) R m B pa R G BT AL o oV @B St
PR o j’ﬁilf?,*%if/\’?ﬁlﬁ%ﬁm/}}zﬁrﬁiwg F S R

Vs 6T Heir T
gl _>£l :gl+o-]/jw

&, &, =¢,+0,/jo (7)

BV g8 o u s B AT e § % (conductivity) ¢ &

2
e

B

(6 ¥ E PR AR T 3(tine-averaged) (s #1X T 04

(F) =27 fReli Ve (8)
—era) KK (9
Fste

K, =(e,—&)/(e, +2¢,) (10a)
K, =(0.~0 /(0. +20)) (10b)
=6, +26)/(0,+20)) (10c)

B ()7 o F Re[K]>0 2 Re[K]<0PF » & %] € & TRRBAR T 355 & B
T 3 AT 5 B R0 gt A B (positive) & f (negative) e i

RE 1 °
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3-3-2 TAZTAE | ¥WE I

dAREHHT LN A BEARE AT AE TR R

I

F R R ¥ - 3 AR hT R F X A h A T
P BRIEE AT RZFALVEOTH RN 2B R) 0 @
RN OREPEIIG N AT AES | - 52 LFAREFF
FEHU ) - Fr 3 L4 apd o F0 - B2 F SHFH

(40:DNA~ % K RLE ~ SUER A F 8D < HulE S F L e

3

o

THR® > Fla L A1 A DRGSR RGE 25 T A

o i iF % e 5o

3-3-3 ShSesz ik & i 4t

B F R4 5 SheSes 7 F & > A iE * DI Water T 5 2477 &
2R o B3 5 SheSes 2 F 2 DI Water i 2 i 7@ & 47 0
Bt AR TRHEMEAT T ERSSe 2 K AME R E - A
[ 3. 167 7 4% A A7 5 8 2 ShiSes £ f SE 421 e 45+ 4= o 5¢
Fen 2 57 SheSes 7 o sz DI Water i3 i % & fe ¥ & &5 4

» L &7 3 SheSes 7 K Rz DI Water iz AR5 A RTH™
B @R 1E3% Y ShSes 3 F ac 53453 ha f i DI Water » ot b g
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FRARET PR e Ry CEA DT > BT R R4k T R
TP g A ‘Fﬁg i 17 SheSes 2 F METH >~ & SheSes 2 K A7 3%

B A A R o Fla kA0 2 e TR R PR -

3-3-4 I T A FAd | Biws|ShSesd F

AP EEY I RS ShSes s K M2 iRk o LR RR
BERFART > 8 FShSesz kMiniag chafrd I ok o B F
Fl# e oop 5B 2-3ul % 5 ShiSeid s 3+ ko F Ak TR
Z_fF > 218 AT 2 W54 — 2 e B (13MHz, 10V peak to peak °

Imin) %23 2 m @30 ¢ @WARBNA2LH R - RA2F T

>‘]

ShoSes# st S F] & oh 4o THEFET o L FICF /)R 0 T F e
WG e TS e R B S ko[BS 1T] o dodk 4 D
FhzF e GERBy A RAGER (T ) &I DR L ‘-ﬂﬁfug
23 - x4 [R3.18] fL2 5 T AR AH 4 (dielectrophoretic
force) | »i&Emi$ A A BFARR TNVEFHEFD o

20 R T2 BRAFEZRERShSe: Km0 3 BEE NSk
SIEA AT B AR 75 SheSes2 oF M2 L B oRBRERE
s fres o Bt g 3 AR BT R o
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RS

RIS A TR 0 3 495 &
§ R o E s A Aog ) e
LB R Ok

)y

B3.15: ()8 - 22355 287 5 (D)4 D ¥ lics &, ATk 2o
THP o HP LA 2ting TH L B %?Iﬂt’%ig‘_ °

B3.14 Je® [ AT ) g i H Ly
s
¥
gid

72



AA0696 50 kV 5um__ 5000X  A+B 2008/10/08

-

3] 3 1 § %r‘é :‘L-’.’E‘E g SBZSGS l_§];';§=
=0 | b i

—_— —_—
AAGBTE SOV | jpm  25000%  A+B  2008/10/21 AM9ZE SOLV 0.5 pm  S0000K A4E  200A/11/06

B 3. 17 &s A2 B354 ik /R 1S ShSes 7 F &£ 7452
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*
)
Pl I
y Sh2Se3 nanowire
S
Ground Ground

—>
B

B 3.18 4 & iA®(dielectrophoresis) it 7| ShSes 2 5t 4
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3-4 FiE} H45H 19 ShiSes & F Mg THE

3-4-1 T BME™ FH H ShSes 7 F &

b2 B RHRE TR A #ShSek F MAcH AT IR o HiF
fi & A #2 (dielectrophoresis) 2 St 3 4t % £ 7|SheSes 2 51 4 » ¥+
TRTEFSH G £ HIShSes 7 F R R RS 2 o

d 5+ B 13ShSen % F ML B & 0.8-1. 2um > BT g R

~zh

T0nm > % 5 B s Tham 2 BLAIFE 43SheSEs 2 oK A o AR 2w 1
# 7 1B %= (ELS-7500) & + & Bl & s add fy 0 B AR
(Scanning electronmicroscope)#c s dpLp] ~ &35 7 H +3ShSe;

2 MPBROT R TS T AR EEE R U] 0 o[ B]3.19] -

75



3-4-2 F R k& (FIB) * *+ & Bl H +3Sh:Ses

FEN S A hpnes > 4o[B 3.20] » 2~ A TREHEL T
g+ & (Gallium, Ga) R Eeh1 & > Fladfg~F 55 Mg~ X
B~ 2 Adgengng 44 0 RO ZN K X B d] e J’Iﬁf‘i’a%%ﬁ ¥

VLA hwfd 1. w2+ 1] (Precisional Cutting) - 1% k-
F @y K P a 2 p s 2, EHEMB MR EHE (Selective
Deposition) - M3+ Rt BRI LB EF & 5 W8 %1
o kI E S TENS e WL g BTG 40
(Platinum, Pt) 4% (Tungstun, W) = # ;3. % it A3 EH
4 4% %] (Enhanced Eteching =«Iodine’ Seleetive Etching - XeF2)

W R A i RS S R R g L &

AR PIRE SR LR Y - R H R R
ro TIHMBEFES T H1 ShSes 2 A MR PTR L1 B E
ST MM 6 & & H(PL)* ShiSes & o MA 5 4 AR
SheSes 2 3 T & E4R(AF K 2% £(Pt) > A 64 360" ¢ K=
SbeSes 2 A & > 4o [ @] 3. 211[ @ 3.22] -
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3-4-3 $E i EFer BFEA T E Rk s(HP-4145)

d A §p %R (Temperature-dependent ) ™ H 43Sh:Ses 2
MET MM AR kA 2 % Linkam THMS600 Heating and
Freezing Stage[ 3. 23 ]4-Linkam TP94 Temperature Programmer [ B
3.24] - %%\z’ TEREBERAHET B PR #ShSesz F &> F 5
ARt g LRI R - B RIERF > g BT - AR
BEAFIShSe:z A MEFA T fr B8 TITPLEPR - FHRER 520C
~250°C » M25°C 5 - BRI -

EREAAENR N -LRE  REE LW A FEET T %
% PHP-4145 %8s 455 s RieFET ™S 2hendrg 44 (Probe) 2 B T
o de[B)3.20] o H A RRATR AT RDA EPS kS| %’Jﬁé

Origin-Pro#r#¥ &k g @W1-Ve & > EE 75 #cy o
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AAI226 20 kY 2pm _ 10000X  A+B 2008/12/09

- b e B

319 F13ShSe & A ENT 15
= N — =
Ty :-'-'“—:.:_fL L BE) :J-_; z_-'
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(a) (b)

(c) (d)

B3.21 H 3R H (free-standing)Sh:Sesz 3t % (a)(b)(c)(d) = # & & & SEM

SheSes 7 i 5T A Z48(AD) 0 b R a0 £ (Pt)
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—
AAZ200 50 kv 0.5um 50000 A+B 2009/04/14

3. 22 H 1 SheSes 3 K s
SheSes 25k & L v A EYDIG K =9 £ (Pt)

D
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B]3.24 Linkam TP94 Temperature Programmer
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®13.25 HP-41458:3F 1+
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Yr i FHREFEIHK

4-1 R H%EHAFHA

Ak dePiR 7 AP R I REL G S

s

B
£ R[H 13 SheSes 7 K T ML DT A o £ JI* /1 7 AH
(Dielectrophoresis)#t iiFés 1% 11 ¥ 42 SheSes 2 F Mz 48(A1) T
B o Be RS s (FIB) #4- kv £ (PO ER
ShiSes % o 43 =0 M4 & K fr kB2 Wil o o o[ 4. 1]
+ #¥ % re(Contact resistance)™ I B i€ o

EAEERSAFERShSes 2 AT LR * > T E
Gode[4 A1) P BB e F A D H4IShSE A KB F AN S A
o % - %5 5 1% B (Free=standing)» » ,Té{ﬁ $3 75 1+ 4% (SheSes)
Aol EBpA-BE o F PR AED - ERAEGNo
free-standing) > ~ )T*KE ¥ it 4 (SheSes) 2 F ®fr= & &7 A4
Hjpffene b g 2 H43ShlSes 2 X A w2 ERFETH-TR
(Temperature-dependent [-V)# %M@ » & s 2 » 7 5 ETF WS g
F 25 ot £ 7§ (Ohmic contact) o #% i+ 3 ZLH $955 1 4% (SheSes)
AAR FEAREH YA BRI E R ORD > VR T Z A

% B2+ (nano thermometer) o
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Pt

5b2S%e3 NW

5i substrate

Bl 4.1 543 SheSes 3 5f %~ 1 %, B

Single Sb,Se; Nanowire

Free-standing Non free-
standing
Temperature- Temperature-
dependent dependent
v I-v
Ohmic contact Ohmic contact

4.1 F A ATARR
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4-2 H 13 fr (Free-standing)Sh:Ses 2 3t 5 %8 T 144 47

4-2-1 ERBAH ShiSesd F MBE T E R LS
F-2HPNShSes 7 A RARP 2-H{7-§F 0 AF T
do[B4.2] B2 2570 nm: £ A& 5 920 nm 4-[B 4.3] - 50 W
w LB R+ 3 BRI (Leakage Current)shsh % » 2 e F4 Hiw
Ao - k-3 & (Si10) > HA& 5 200 nm -
TR o SRR RLEEHP4145 > AoardR * el S BESN B
# (Two-point Prob) » J=V-T F M aale HpEf 8L > & W7 » =
Rl ERC X PEEASS TR R-025V-10.5V > = - H 4
B ] & B (Step) 5 0. 001VO-227Ra0- o
F - TR Ry S ARl 4o 4] R B A4 23] 373 Ko
* 0Cs- BERZ - NPT UFREFRERAEAF > TINET
Faprt Ao PLAL AL EHT I -T RN TRA S ERE BT
oER A 300K 2] 3T3K > FE A 2 hp d £+ (free carriers)
Bo® B 5 0 F3R SheSes 2 A R E R I (conductivity)H 4e o
FoE TR RS [ B4.5] 0 F R 2 AR R e
E£FHG0 DR - B B - T FRELRFATREF
(Trace):-0. 5V~0. 5V {rif 4 (Retrace): 0. 5V~-0. 5V » & fa#F 45 > »
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FE TR BSHERNTIN EF 32 HEd [B4.5]7 o
TREFIoGF N kg% B8 L€ - Ko Tindk * B0
R E-To

o R R R do[ B 4.6 0 K F IR B h e BT 4T3 K
& 25°CHh- BEPZAPF gy R AR 300K &b 2 5] 398
K> R bt 2 @indr ERF 20T, R §ER- LA

398 K » £ 423 K~473 K P » Timd® @i A E-60 #4132 o

-

ST e Ry W[BAT] 2k SRR S

- B ERIE R B DR RledeAa T AR F - X Ry
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4-2-2 HPRPH ShSes 2 A RT LB % £ 47

d b a7 e pERTEE 0 A B4 - H 49 SheSes 2 GF AL ITRIE T
R g T - RS- EY WE) > ¥R E B A
(Linear)® #4£ e (Symmetric) » 4&p] SheSes 3 # M fr & 7 &2 &
H A5 = %4 7§ (Ohmic contact) °

d RER - E(-VDFEY B BuliF BER2 fitting
Bz &% v %8 & T e (Resistance) & > 4c[ B 4. 8]4-[ B

491 Few xBREY > FiR300 0 i+ 9 LE6OQ) & B #

(resistivity) ~ ¥ 7.3 (conductivity) - B v 5\ :

A
p=R—
4
>
1
P - o A
Where A piece of resistive material with electrical contacts on both ends

o0 1s the static resistivity (Q m);
R 1is the electrical resistance of a uniform specimen of the material (Q);

fis the length of the piece of material (m);
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A is the cross-sectional area of the specimen (m?).

o is the Electrical Conductivity (S'm")
AP T e vs AR 4 10] [B4.11] - #7 F vs g
BRIR4.12] [®4.13] -

Aiig— o HEE R Ao R ez /& ek % (Temperature
dependent Resistance) ° ¥ &% ;% (Arrhenius relation)® & 1%
Fum A2 4 7 F -7 F ¥ (electron-hole pairs)#t g 7% it it
(activation energy) = -] - d [Bl4.14] -~ [ ®l4.15]¥ > Ln R versus

1/T T 3&M > # & themally activated.transport mechanism™"™*"

E,
R =Ry KP( kT)

H P R A T=c0pF g rE(resistance) » E«& (thermal activation
energy for conduction) » k¥ A F % & ¥ #(Boltzmann' s
constant) » T3 S¥E R > FI v d B 2458 NE -

d [B14.14] > %300K~373K> AE.% 50.120eV; & a “[®4.15] >
Frg Py AR R A FE S 2 300K~398K ) A kG T
AE.% 50.203eV > ¥ - BB BB A FapH > 2423K-473K > AEai

#0978V B *tigdn A cntr M2 (s 6 4-DF & € Mt mfEiio
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[¥:0.00um|

P
AA1292 20 kV 0.5 um 50000X  A+B 2008/12/17

P
AA1300 20 kV 0.5 ym_ 40000X  A+B 2008/12/17

Bl 4.3 5 13% B (free-standing)Sb:Ses z 3 4 top view SEM
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Current (A)

Current (A)

1.2x10°
1.0x10°
8.0x10"
6.0x10”
4.0x107
2.0x107
0.0
-2.0x107
-4.0x10”
-6.0x107
-8.0x10"
-1.0x10°
-1.2x10°

—— 300K
323K
348 K

373K . 373K

300K

-06

-0.4 -0.2 0.0 0.2 04 06
Voltage (V)

Bl 4.4 % - = B42% i (free-standing)SbiSes 2 # & [-V-T

3.0x107

2.0x107

1.0x10”7

0.0

-1.0x107

-2.0x107

-3.0x10”7

=
vl

—— Trace -0.5~0.5V
—— Retrace 0.5~-0.5 V

Step 0.001 V

-0.4 -0.2 0.0 0.2 0.4 0.6
Voltage (V)

B 4.5 %= =< H 3% H (free-standing)Sb=Ses 7 3+ & [-V
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Current (A)

Current (A)

) —— 323 K
8.0x10”
7.0x107 | 348K
6.0x107 | 38K
5.0x107 [ 398K
4.0x10"
3.0x107 |
2.0x107 |
1.0x10”7 |
0.0
-1.0x107 F
-2.0x10” |
-3.0x10”7 |
-4.0x10” |
5.0x107 |
-6.0x10” |
-7.0x10” |
-8.0x10” 1 ] , ] . ] , I ]
0.6 0.4 0.2 0.0 0.2 0.4 0.6
Voltage (V)
S— -
S Lk, .
¥ HAT0S
=y — = I"i]. “h [ ‘llt. a
J‘:.: 1 1l ‘-'--- -EJ..'..‘.-‘.-'FE:-. .\-.-d. ..-.'Ilil
- U o |
—— 300K
——323K
8.0x10°
348 K
373 K
6.0x10°
398 K
4.0x10° 423 K
' ——448 K
5 i ——473K
Ux
0.0
-2.0x10°
-4.0x10°
-6.0x10°
-8.0x10° ' | .
- -0.4 0.2 0.0 0.2 0.4 0.6

——300K

Voltage (V)

Bl 4.6 %= =< H1I% » (free-standing)Sb:Ses z 3+ & [-V-T
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Current (A)

Current (A)

9.0x10”
8.0x10”
7.0x10”7
6.0x107
5.0x10"
4.0x107
3.0x107
2.0x10”
1.0x107
0.0
-1.0x10”
-2.0x10”
-3.0x10”
-4.0x107
-5.0x107
-6.0x10”
-7.0x107
-8.0x107

T T I rrrrrrrrrr rrrrrrrrrrrrrrrri

—— 300K
323K
—— 348K
373K
398 K

_glox-lo'? s 1 1 1 s 1
-0.6 -04 -0.2 0.0

Voltage (V

LRER

0.2

)

-

%

04

0.6

—— 300K

-0.6 -0.4 -0.2 0.0

Voltage (V)

0.2

0.4

0.6

323K

348 K
373K

398 K

~— 423 K
—— 448K
—— 473K

Bl 4.7 % v = H4I% h (free-standing)Sb:Ses z 3+ & [-V-T
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Resistance (Q)

Resistance (£2)

| —m— 1st measurement|

7.5x10° | -

7.0x10° |

6.5x10° [

6.0x10° |

5.5x10° |-

5.0x10°

4.5%10° PR RPN RS R R N R S S
290 300 310 320 330 340 350 360 370 380

Temperature (K)

Bl 4.8 % - = B9 i (frefzf—jstanding)&szes 24%TvsR

- =
7 .|

—um— 3rd measurement
_ ® — 4th measurement

2.0x10°

1.5x10°

1.0x10°

5.0x10°

00 | .

280 300 320 340 360 380 400 420 440 460 480
Temperature (K)

B4.9 %= -2 X H{E B (free-standing)Sh:Ses 2 + % T vs R
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—m— 1st measurement|

3.2x10° |

3.0x10° |

2.8x10° |

2.6x10°

2.4x10° |

Resistivity (Qm)

2.2x10° |

2.0x10°

290 300 310 320 330 340 350 360 370 380

Temperature (K)

|—m— 1st measurement|

Ln plot

Resistivity (QQm)

6.3 L . I " L . 1 . L . I
570 5.75 5.80 585 5.90 595

Temperature (K)

B4.10 % - & EI% H (free-standing)Sb:Ses 3 + 5 T vs Resistivity

+ B % linear plot; ™ B 7 log plot
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—=— 3rd measurement
9.0x10™ —&— 4th measurement

8.0x10° -
7.0x10° -
6.0x10° |-
5.0x10° |-
4.0x10° |-

3.0x10° |

Resistivity (Qm)

2.0x10°

1.0x10° |

00

280 300 320 340 360 380 400 420 440 460 480

Temperature (K)

= 3rd measurement
Ln plot ®  4th measurement

Resistivity (2m)

5.7 58 59 6.0 6.1 6.2
Temperature (K)

o~

Ji

B4.11 %= ~ 2 X H B (free-standing)Sh:Ses 3 # %8 T vs Resistivity

+ B % linear plot; ™ B 7 log plot
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| —m— 1st measurement|

5.0x10°

4.5x10°

T

4.0x10°

Conductivity (o)

3.5x10°

3.0x10° PR RPN RS R R N R S S
290 300 310 320 330 340 350 360 370 380

Temperature (K)

|—m— 1st measurement

Ln plot

6.3 -

62 | -

6.1 -

6.0 -

Conductivity (o)

59 |-

58

57 L L 1 L 1 " 1 n | L ]
5.70 575 5.80 5.85 5.90 595

Temperature (K)

B4.12 % - & HE % B (free-standing)Sb:Ses 2 3t & T vs Conductivity

+ B % linear plot; ™ B 7 log plot
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=— 3rd measurement
& 4th measurement

4.0x10° |-
3.5x10° |

3.0x10° - ]

W

= g r
3 o 34
= = =
— — —
=) o o
%
T

Conductivity (o)

1.0x10° |- /I
5.0x10° |- ‘//'
™ ' e

ook ™
n 1 " 1 " 1 n 1 " 1 n | " 1 n | " 1 n 1 y
280 300 320 340 360 380 400 420 440 460 480

Temperature (K)

#— 3rd measurement
Ln plot ®— 4th measurement

Conductivity (o)
w, @ @ ~ ~ @ @
w o (4] o o =] w
I I I I | I I
| |

by
[=}
T

P
I3

57 5.8 59 6.0 6.1 6.2

Temperature (K)

B4.13 %= ~ 2z X HE % B (free-standing)Sb:Ses z i & T vs Conductivity

+ B % linear plot; ™ B 7 log plot

98



m st measurement|

13.6 -
135 F 300~373K

EA=120 meV
13.4 |

133

132 1 o

Resistance(Q2) Ln(R)

13.1

13.0 . L 1 L 1 L | s | i 1 L 1 L 1 L |
26 2.7 2.8 29 3.0 3.1 3.2 3.3 34

1000/T (1/K)

Bl 4.14 % - = 8 {3 f (free-standing)Sh:Ses2 # 4 In R vs 1000/T

.
=

® 3rd measurement
® 4th measurement

145 | o
s ./’

.--‘/
14.0 |- Y S

_® " L, Ea=0203eV

Resistance Ln(R) ()
®

120 | / /\Ea=0.978 eV
L

®

@

2.0 2.2 2.4 26 2.8 3.0 3.2 3.4
1000/T (K™)

B4.15 %= ~ 2 X H 3@ B (free-standing)Sh:Ses 7 3 % In R vs 1000/T
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4-3 H 13778 (No free-standing)Sh:Ses 2 7} 5 % F & {44

ki

4-3-1 Hpff ShSes 2 A MBET LT RIES
¥ - 2 H 43 SheSes 3 3 A > & SheSes 3 K A ¢ EIRA F_F AifY I
SF P AFLY A[BA416] HES5 60 mmy £ A G 870 nme
LR BRI 7 AR I (Leakage Current) eI g o S A F A
g - k-5 it (Sil)piAk 5 200 nm e
TR o SRR R Rl 455 2 s A B
# (Two-point Prob)= I=V-T T4 &7 & apsF 2L > » W {7 = =& i

Epl R AR R EY LA AT RS0 5V-10.5V > & - H 4F

F%Tﬁx %@(Step)a O 001V 'i T /FJﬂ_,/n °

>

Fo xRy A[B4.17] 0 F Rt w o B TR E
FE F RGBT - RS B o X FHRELFFNTREF

(Trace):-0. 5V~0. 5V fri# 4 (Retrace):0. 5V~-0.5V » & 4 = =
EOTR S REHBERNTIN D € R IHL 4 [R4AIT]F
oo TR FfeEF N R DESE > BA T I - R Rk S

EHE B8 -
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SO REREE RS o[BI 4.18] BRIEA S
298K~523K » f£ % B B et g o & 25°C 5 — B BRI o o 0T E R T
TR AT FPERSMA S Tk A fok = AL T 10000 B
TR ER T RARAERZR N TRA-VE AR - EB R
298K~523K - (I-V B v Az B2 247 - F 4> iR

298K~423K - "g ¥ R R E B B > TonE S Epr A > BALFILH

=g

R - SRR S BN & E-8 o B R 4 7] 448K
Pro Ronket B A R Biides B A E-To ok R L BY
FADATK pF o Roon e B 5 mE=6e i 498K~523K BF 0 T &

PN
1By

€>ét

c e E-4 > x 4% 100 B o AL 298K~523K » % i Aty R T LR

A o

i

=k
TR

R el ke MA19] 0 Ak SRR - %

\H

WETR O OEFERLE > RIH ARG S
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4-3-2 H{pff ShSes 3z A MET LB 5 L7

d b7 PR A ui e - H42ShSes 2 K S IFRET
BB T AT - BR(I-VDEFEY KRB 7 F R A AR
(Linear)® $tfLen(Symmetric) » 4&ip] SheSes 3 # Mfr & BT &2 B
H A5 = %o4* £/ (Ohmic contact) °

d BRI -RBR-VFEY RE > BuHF BEAEL fitting

=
|-
{\

\\_
4y

o R MZE R R IE(Resistance) B 0 A xS fek =
ZEREFE R - %R A Bk20] o 2FE 208K TEE
(Resistance) s & 33MQ 5 A 3B B23K.~ »"% re & (Resistance) ¥
5 3kQ o

Pk iR re (Resistance) @y Frgk ol pe
(resistivity) ~ ¥ = 5 (conductivity)’ t4-2-2 3 P o F]pt
FPruEI TR vsER[BA21] - KT FvsER[R4.22] -

At — o EE R R o R 2 /F ek ik (Temperature
dependent Resistance) ° ¢ 5% ;% (Arrhenius relation)¥ & ) %]
#m A 4 %3+ -% F ¥(electron-hole pairs)#tZ & it it
(activation energy) = - - ¢ [Bl4.14] -~ [ B4.15]¥ %> Ln R versus

1/T T 3& 1+ > # & thermally activated transport mechanism™"*"
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L,
R = R() exp(w)

H ¢ Ry & T=copF e fe(resistance) > Ea#_(thermal activation
energy for conduction) » kK# & i % & # #(Boltzmann' s
constant) " T3 G¥E & > F v d B 2455 E -
d[R4.23] FUF PR AR RFAFNIR &
298K~423K > A F 5 T ¥ > AEX 50.235eV > ¥ - KB BRI A F
s 0 2448K~523K » AEeis 3 294.:198eV > B >t igdR e cndr 122§

Bism4-DF & € REmiE o
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—
AAZ207  S0kV 0.5um 50000 A+B 2009/04/14

® 4.6 ¥ 17 ShiSes% # 4 top view SEM
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Current (A)

2.0x10° [
1.5x10° I
1.0x10° I
5.0x10° I

0.0 i
-5.0x10° |
-1.0x10° -
-1.5x10° -

-2.0x10° |-

— Trace -0.5~0.5V
— Retrace 0.5~-0.5 V

Step 0.001 V

-0.6

-0.4 -0.2 0.0 0.2 0.4 0.6
Voltage (V)
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Current (A)

Current (A)

323K
. ~—— 348 K
6.0x10° |
X - 373K
< 398 K
4.0x10° | 423 K|
2.0x10° |-
0.0 L
-2.0x10°
-4.0x10° |
-6.0x10°
| 1 1 " 1 1 |
0.6 0.4 0.2 0.0 0.2 0.4 0.6
Voltage (V)
— !_ o,
.'.-. E FI 5 - : r
_'|-| -ﬁl 3
-. o ;

—— 298 K
1.4x107 | 323K
1.2x107 | —+ 348K
1.0x107 | -~ 373K

B 398 K
8.0x10° |
6.0x10° | 423 K
a0x10° | ——448K
UX =
2.0x10° |
0.0 [
-2.0x10° -
-4.0x10° |
-6.0x10° |
-8.0x10° -
-1.0x107 |
-1.2x107
-1.4x107 l | . | | |
-06 0.4 0.2 0.0 0.2 0.4 0.6
Voltage (V)

—— 298K
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Current (A)

Current (A)

. 208K

2.0x10° 323K
—— 348 K
1.5x10° | -~ 373K
398 K
5 423 K
1.0x10° |
X 448K
3 <473 K
5.0x107 |-
00 | f——
-5.0x107 |-
-1.0x10° |
-1.5x10° |-
1 " 1 " | M 1 " 1 " |
-06 -0.4 -0.2 0.0 0.2 0.4 0.6
Voltage (V)
=
: H=I%
= L i i |
- T ._f =]
; -
298 K
4 323 K
2.0x10°"
" —+ 348K
. 523K 373 K
1.5x10 398 K
1 0x10° 423 K
0x107 1 448 K
5 - 473K
ol \ 523 K
-5.0x10° F 298 K
-1.0x10™ F
-1.5x10" F
-2.0x10* S
-0.6 0.4 -0.2 0.0 0.2 0.4 06

Voltage (V)

B 4.18 % = = 542 SheSes 7 F & [-V-T
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Current (A)

Current (A)

6.0x10°

4.0x10° |

2.0x10° |

0.0 |-

423 K

298 K
323K
—— 348K
373K
398 K

- 423K

1.6x107
1.4x107
1.2x107
1.0x10”7
8.0x10°
6.0x10°
40x10° |
2.0x10° |

00[
-2.0x10°
-4.0x10°
-6.0x10°®
-8.0x10"
-1.0x10”
-1.2x107
-1.4x10”7
-1.6x107

L LI L LA L

TrTrTrrrrrrrr

0.4

-0.2

0.0
Voltage (V)

e
E

.,

0.2

>

0.4

0.6

S
[

0.0
Voltage (V)

108

0.2

0.4

06

—— 298K
323K
—— 348K
373K
398 K
423 K
—— 448K




Current (A)

Current (A)

~— 298 K

4.0x10° - -~ 323K
~— 348 K
3.0x10° | 373K
398 K
2.0x10° |- 423K
' —— 448 K
—— 473K
1.0x10°
00 F e————
-1.0x10° |
-2.0x10°
-3.0x10°
n | L 1 " 1 " 1 " 1 n |
-0.6 -0.4 0.2 0.0 0.2 0.4 0.6
Voltage (V)
| i |
; =l
=l I i |
= .-' -
= |
—— 298 K
2 0510° ~— 323K
+— 348K
| ~—— 373K
1.5x10 398 K
o 423K
1.0x10 448 K
5.0x10° - Bl
K 498 K
A - 523K
-5.0x10° | 298 K
-1.0x10™
-1.5x10™ |
'2.0X104 N 1 M 1 . 1 M 1 " 1 N 1
-0.6 -0.4 0.2 0.0 0.2 0.4 0.6

Voltage (V)

B 4.19 % = = 542 ShSes 7 F & [-V-T
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Resistance (Q)

3.5x10"
3.0x107
2.5x10°
2.0x10"
1.5x10"
1.0x10"
5.0x10°

0.0

-5.0x10°

—a— 2nd measurement
—® 3rd measurement

300 350 400 450 500 550

Temperature (K)
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Resistivity (Q2m)

Resistivity (2m)

1.2x10"

1.0x10" |

8.0x107° |

6.0x10” |

4.0x10° |

2.0x10° |

0.0 |-

1

—a— 2nd measurement
®— 3rd measurement

300 350 400

450

Temperature (K)

2k

#— 2nd measurement
® - 3rd measurement

5.7 5.8 59 6.0
Temperature (K)

6.1

6.2

6.3

B 4.2]1 %= ~ ==X HJI ShSes 2 £ % T vs Resistivity

+ B % linear plot; ™ B 7 log plot
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Conductivity (o)

Conductivity (o)

®— 2nd measurement
o 3rd measurement

1.2x10°
a 2
1.0x10° |
- /
. /
8.0x10° |- :/
6.0x10" |-
4.0x10° [
2.0x10* |-
00 = - - - - l-—-—/
1 " 1 n 1 L 1 L 1 " ]
300 350 400 450 500 550
Temperature (K)
Ele
oo s
= .r- -4
]
—m— 2nd measurement
Ln plot e 3rd measurement
12
A
10 -
oL
o
6 /‘
“r j
| - =8
-__,__,—rf'
2 L
1 " 1 n 1 " 1 L 1 L 1 " 1 )
57 5.8 59 6.0 6.1 6.2 6.3
Temperature (K)
B4.22 %= ~==xH$I ShSes 2 # % T vs Conductivity

+ B % linear plot; ™ B 7 log plot
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Resistance Ln(R) ()

16

14 |-

12 +

10

@® 2nd measurement
® 3rd measurement

/A Ea=0.235 eV

NEa=4.198 eV

1 n 1 n 1 n 1 n 1 " 1 N 1

4. 23

2.2 2.4 2.6 2.8 3.0 3.2 3.4
1000/T (K™

vs 1000/T
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4-4 SheSes # st ek £ {7

4-4-1 SheSes 2 3k % ¢ Temperature-dependent XRD & 4%
S4B ET SheSes 2 K& 0 £.F 7 4p & % (Phase
transition)shs 4 » # @R MG RGHEF L R FRI-A PR
BF|FET ShiSes & ¥ MET R LGH 1 o i ds ShiSes 3 F M4
FRERF A w2 lEE L s TR Nk R EHT % R
B E 5] 340°C 0 B R 4[ i 4s24] o 7 15 R & 280°C 117 AP
Bilogd > 20E T AR AR Es Y Bs R

(Differential Scanning Calorimetér - DSC) 2 r&in > &%~ €

d RN R REHTRLES G RTES P AR E
ShiSes £ # MF i fez FHAF L IE¥ » @ A2 Shenf i o 5B
XRD B+ #+te > o[ B 4.25] > 4 3 Sh:Ses powder XRD & 280°C #7
3| peak (% it o 40 260 =11.902~23. 934 ~39. 584 ~ 46. 788 Jaufr Sb:0s
standard(JCPDS 75-1565) #4%iT » 42P =B & (280°C 2 %) Sb2Ses
F]B R F 4 E* o 4 & Sh0so it > SheSes /3t Orthorhombic

@ Sbe0s >+ Cubic °
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4-4-2 SbheSes 2 ¥ e & $7%& (Differential Scanning
Calorimeter » DSC) 4 #7

#4147 1% (Differential Scanning Calorimeter »DSC) &#_-

BT RIE A PR 11 R A B E ] R
frze B2 PRI REREFLA T - R ELEfeFZd HLoWENS B

Wz pinE oY o A BT AP PR R AR IR R
Boo Bt AL B e IEES A R F A f e
+ ?E’.fifjﬁ% — F% 0 T TRk IR Rk A 2N R "f‘ﬁiz?J)\ g Frt F (Heat
flow dg/dt) i = 3§ ‘a% %8 iR pRs FeL BEHE R TR -
SbsSes 2 3 4 £~ 47(DSC) » & % 4e[ B 4.26] - & 40C =% F =
FI % > R TG cell A EdeTEEe= B A < 22 50°C 1 300°C %
AR RG> FARBRERRR A3 L30Ty mip Rl
(Phase transition)= 4 o d > 4 #4457 (DSC)F i/ Y > BB
& F A (W) ek ShSent A MAEFEfEF ALF

G
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4-4-3 Sb:Ses z 3} % B # Temperature-dependent Raman
spectrum 4 #7

1% A F % % chx b £ A icse(Confocal microscope) » #7& Bl
h1SbiSes 3 S A 4o B 4. 27]- £ 2] FA_150cm” £] 800
cm' 0 R A A W E_50°C ~ 100°C ~200°C ~300°C - £ B 4.27] ¥ 0%
P AE g P P & 5 187.0cm ' ~251.4cem ' ~371.1cm' ~450.5¢cm ' -

[®14. 28] % Junwei Wang % « #r#l ivens 4% o g
%30~150nm > % & 5 150nm~8 wme 4 & o H § | P B2 g A W
% 188 cm' % 252 cm. %

B 4. 27(a)(B)(e) ]F M > g & 50°C ~100°C ~2007C -
Pl -t %i‘ﬁ'? >t SheSes 7 A sieirma A 3 300°C (B 4. 27(d) ]
2§ 5% 0 R A ShSesF s Y 0 355 em ~ T12em - 4
e[ 4.29] ™ > Sbo0sd= & 63838 40 > 3 7 SbeSes £ K 5 A% 78 300

T "3 ShOsemusi e 355 cm' ~ 712 cm ' i& B =% + o
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Intensity(a.u.)

U | O . M| ——Sb2Se3RT

| | Sb2Se3-40C

- A M M A Sb2Se3-70C
_. | "~ sb2se3-100C
e WPy Il | Sb2Se3-130C
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e W i Mt A Sb2Se3-280C
= N e O —RA Sb2Se3-310C
0- | Sb2Se3-340C

5 I 1I0 ' 1I5 ‘ ZIO I 2I5 ' .';'0 ' 3-I5 . 4I0 I 4I5 ' 5I0

20(3=1.333621)

B 4. 24 Sbh:Ses z 3t % powder. Temperature-dependent XRD

-- Sh25Se3-280C
--- Sh25e3 standard:JCPDS 15-0861
-- Sh203 standard:JCPDS 75-1565

Lin (Counts)

2-Theta- Scale

B 4. 25 Sh:Ses(280°C) ~ SheSes(standard) ~ Sb:0s(standard) XRD %t P& @
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(CAS Mumber 1315055

s
Ariimeny Selenide
Fief. Natl B Stand (L1.5.) Monog:, 25. 3, 7 [1954)

Molecular Wesght 480,38
VolumeCD} 545,09

Dy 5843 Dime '

Sys: Orthoshomibic: E

Latlice: Prmiive

15.G.: Pbnm [62) g

Coll Parameters: Rs

a 1163 b 11.78 c 135 =

(3 B ¥

[SS/FOM: F30=49(0150, 41) o 0 o

|flcor;

Rad Cukal . i hk 1|23 Intf  h k

Lawbcl. 154055 923 8 11032725 25 04

Fitec i BOOT 25 D20 |3|00 14 34

dsp: 12158 6 200 33157 14 42
14594 55 1 20 (33422 14
1857 0 220 (381 12 41
20430 12 101 33980 8 51
52 0130|3419 8 33
20868 16 31 0 |3554 I 25
3337 12 021 |35834 aM 52
23657 M 230 |37584 W 44
24,348 7 211 |38630 I 43
%173 20408 050
%433 4 400 |3IT N 53

W 221 (W/M B 15

27797 60 301 (38175 % 00
274972 W 3303876 4 06
23564 M 311 |40250 8 60
2936 60 240 (0234 8 16
e L M 4 20 |407598 8 61
0775 m 32|45 8 21

% 4.2 JCPD

CAS Humber:

Molecular Weight 29150
VolumeCD} 1382 47
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Sys: Cubic !

Lattice; Face-centered =

5.G.: Fddm [227) Ead

Cell Parameters: E

2 1114 b e 2E b

- 0 15 k) 3 B0 75 26°

Rad Cukal

Lambda: 154060 @ mf hk 1| > Ind hk || a& I

Fiker: M2 90 117 |444: 3 620 |62909 B

dap caleulsted 19434 3 220 [46788 622 |e4733 83

ICSD #_0x102 a0 30311 [48000 57 4 44 |Es04 6

Mineeal Name: 23934 992 2 2 |60614 45 7 1 1 |B6542 3

'Senamantie. syn 27706 235 4 0 0 |53z 1 642 |6830 2
30248 51 331 |54745 24 7 31 |63640 5
38104 g 422|522 41 800 |75 &
WH2A2 41 5711|5865 2 733 |7 N
3584 393 4 4 0 (59155 1 644 |man 1
401479 12 53 1 |61.083 1822
42095 2 442 |62447 6 5565

# 4.3 JCPDS 75-1565(Sb:0s)
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Intensity (a.u.)

Intensity (a.u.)
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Relative Intensity (a.u.)
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BRARF > FT AR o Fg A ETE R LY SR ehdF 1 > SheSes
20 RT B T2 K %8 A+ (nano thermometer) o

47 B 43R B (free-standing)Sh:Ses 3 F A% E T -7 &
(I-V)# % B> 4% 2 thermallyactivated transport model & fit-
¥ 112+ 5 4 thermal acétivationvenergy » AF. 5 5 0.203eV; -
BB <3 150°C (423K)  AE % 5 0.978eV> %8 F T re(resistance)
FoAvgt X R R e0T R LA PROBIFRIRCE 50 B R PFARIT ey T v
Fi(grain boundary barrier )it Flt 4 + ;1@@?157@7&6 » T
Z s R Br(barrier)* + " M EREFTHH/H L o d AL R T
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Y- 25 cHPRE ShlSes 2z A MFET - BA-VD¥ &
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FA s gpmegty e > LA [-V-T curve + » I-V-T curve 4r
% 2 thermally activated transport model 2 fit > AE.% i
0.235eV > §r free-standing NWCAE. ) 5 0.203eV) & £ % % 75 2%

@ B R 175°C (448K) > AE. %) % 4.198eV: frit # (band gap)1. 2eV
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wm it d B oo
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