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ABSTRACT

High-performance of self-powered ultraviolet

photodetectors based on SnO, thin films and nanowires

Kim Seongeun
Advisor : Prof. Hyon Chol Kang, Ph.D
Department of Materials Science and Engineering

Graduate School of Chosun University

We report on the performance of self-powered ultraviolet (UV)
photodetectors composed of SnQO, nanowire (NW) networks. SnO; NWs
with a length of several hundred micrometers can be synthesized by
thermal chemical vapor deposition (CVD) using SnO powder as the raw
material, which has the advantages of a low process temperature and no
requirement for a reducing agent. Based on the characterization results
obtained through synchrotron X-ray diffraction (XRD), scanning electron
microscopy, and transmission electron microscopy (TEM), we determined
the growth behavior of SnO. NWs via a vapor-liquid-solid mechanism
with Au nanoparticles. The NW growth switched from an initial in-plane
growth to subsequent vertical growth, forming NW cotton. This was
started at a process temperature of 600 T and optimized at 800 €.
Moreover, the XRD and TEM results indicate that the NWs mainly grew
in the form of SnOs, although the formation of SnO NWs was also
possible. Metal-SnO, NW-metal type photodetectors were fabricated, and
their photoresponsivity to UV light in the range from 200 to 400 nm was
investigated. The device exhibited a photo-to-dark current ratio of ~ 2.17
x 10° at an applied bias of 10 V and 254 nm UV exposure. A maximum

responsivity of about 1100 A/W was estimated at a wavelength of 270
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nm, and the cutoff edge wavelength appeared around 350 nm. In
particular, the self-powered photoresponse at nominal zero bias was -~
1.23 nA. The results of this study support the idea that SnO. NWs are
promising candidates for self-powered deep—-UV photodetectors and that
thermal CVD using SnO powder is suitable for synthesizing SnO, NWs at
temperatures as low as 800 °C. But, the device structure and characteristics
of the photodetector are not suitable for practical applications. Thus, the UV
photodetectors composed of SnO, thin films were produced.

The SnO- thin film UV photodetectors were fabricated by RF sputtering
in an Ar atmosphere. But, due to the oxygen vacancy, the time-dependent
photorepsonse time curve indicated the decay time of slow speed reaction.
Therefore we fabricated the SnO, thin films having thickness thinner than
15 nm. To reduce the native oxygen vacancies, the samples were grown
in a pure Oy gas atmosphere with a working pressure of 5 x 107 torr.
Based on the characterization results through synchrotron X-ray
diffraction (XRD) and atomic force microscopy (AFM), We determined the
structural properties of SnO thin films as a function of film thickness. At
2.5 nm thick sample, the surface of the thin film is relatively smooth. As
for ©-rocking curve, it was observed that as thickness of SnO: thin film
increased, the diffuse scattering increased. This 1s because of the surface
state effect. Surface state effect are responsible for the relatively slow
response speed. Metal-SnO, thin film-metal type photodetectors were
fabricated. The time scale was excellent in the 44 nm thin film, and the
photocurrent was measured the highest in the 142 nm thin film. The
photoresponsivity to UV light of 254 nm was investigated. The device of
8.8 nm thickness exhibited a photo—to—dark current ratio ~ 7 x 10* at an
applied bias of 10 V. A maximum responsivity was estimated at a
wavelength of 260 nm, and the cutoff edge wavelength appeared around
350 nm. On these results, We have successfully demonstrated that SnO-

thin film of 8.8 nm was suitable for candidate of UV photodetector.
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Figure 1. Unit cell of the tetragonal structure of SnO,. The Sn is represented
by the gray spheres and O is represented by the red spheres.

Property Sn0O,
Crystal Structure Tetragonal rutile
Lattice parameter a _cb_;i'gzk&

Band gap 3.6eV

Type n-type
Carrier concentration 10"8 ~102° e
Electron mobility 17 ~ 32 cm?/V-sec
Visible transmittance 80%
Melting point 1630 °C

Table I. Physical properties of SnO-.
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(a) ( b) Precursor
Au nanoparticle

. ®
Heating . Qg 4 v .\ y
Au thin film . B e

Sapphire (0001) Sapphire (0001) :\

Sapphire (0001)

Sapphire (0001)

Figure 2. Schematic illustration for the VLS growth mechanisms. (a)-(b)
Dewetting into Au nanoparticles. (b)-(c) VLS for the in-plane growth with

Au nanoparticles seeds. (¢)-(d) Vertical growth to form a nanowire forest.



Al 3 A Schottky® Ohmic contact

1. Schottky contact
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Aok whepa] REEAol A FE& 0w HAke] kS WEfsts A7 (electrical
field) 7} A7t ol S50 T (O nd WEAY AANSE (x)9
¥ (schottky barrier)o]2}al 3t} <=
Wake] Hsts AoFd Hstol g E AAY F7F @WobA Epst Eof
I WEAYAE (built-in potential)©] Holxt}d, WWEA A& Fig
3l detlidth 23A o w ng WA died) (Eo)o dAAE0] 552
AR 55 ¢ A "ok 9% ds AolFA HHA
Erm©l Z27FaL EpZb SrobA Al HWA WA o] mopxdnt, wheps =
q o] &

of o1 Wi He el ARV 22A d

ald
N' 1

o)



2. Ohmic contact

Ohmic contacte =& Wh=Ale] {3 Alo] & ‘?321 = IRe W&
t}. Ohmic contacte schottkye} B2 A nd HFEA 2] A9 ==
A (Pp)ET = W BAFT Fig. 45 EW nd W=A 9 HA=r] =9
(Epy7t 552 A AU 284 J5& o4
St37] 9l SEellA] whEAlE A gakste] Epst 912 1A " Fig.
45 B ohmic contact = 7HllF™ S5l TASHA ol HAAIL
w&o A BtEA R o] Fstr v WAl F&o® o]Fd & vk whehA
At AF7F vldlsh= linear graphE X o Fth. E3H ohmic contacts St
& HE AYE stal o] B2 AR 35 7 i 279 Adsol ddE

PN
T A



(@) (b)

I T Vacuum level
ex
eds t
e 4] =2 eDp \:NGVbi
l = Ry e E . ] ——Ec
- R § T
1
Ey ; Ev
<—>:
[epletior{

region

Figure 3. (a) Energy band diagram of a metal and n-type semiconductor

before contact. (b) Schottky contact of a metal and semiconductor junction.

(a) T 1T Vacuum level (b)

Figure 4. (a) An ideal energy band diagram before contact. (b) After contact
for a metal n-type semiconductor junction.
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Al 4 A Solar-blind UV photodetector

Ultraviolet (UV) A& €| HA} 2~ e 100~400 nme] 33 W9
of &3loem 31~124 eVe dYAE Zt=th UV 992 UV-C (200~
280 nm), UV-B (280~315 nm) 28|32 UV-A (315~400 nm)& v} o] G4
o) th(Fig. 5) dstel Eo] 2= UV A& 95%2 UVAS 5%¢ UVBE o]
FolA Qth UVCE wddol Sl Aoz FsHnoem mA=Eolth 17k
A =E2HRAE W FHA s AFAA AEA FEFS 71EH F ArHAL
upebs wbe elol s viold 2
ol eEZFoA AotA FFEw AL 5oleA Feth (11 LEFS
gFda S Abelo] 1A A (Y 18~50 km)dll EAI5HH, o] o
71 90%9] SFEo R olFojA Qth. wmetx UVCE A A EA38HA
2¥om solar-blind UVEtal® A3t} ol& <l e hackground noise$t

S
[e) - =
S e 540 A

ot
>

12
rot

Aze e = 9
UV photodetector= A F17F G oA Fr e Hofo| A 8511 ¢
o B #AS wole i rH17]. 53] Solar-blind UV photodetector=
AR SRR ofy et mAtY 7] AE, 0FEE A, 95 IE T F
a7, e, 4 -AspehEofel A gddks] A+ ldwan ITHI8)
UVCE &€ o UAE zt7] & Solar-blind UV photodetector+= &< Hi
=S 7K EEE 7IRte® AFEfop gttt dE &9, SnO, SiC, B
~Gax0s, TiO, AlGaN 12|31 ZnMgO s°| $H Z4d=2 8%}t AlGaNo]
 ZnMgO £ AHA 3FsHE Y= A (ternary compound semiconductor)i=
AHom Fa HE&S At Axdnh o2 s a7k AojAlAHlS
o] &3t A AAA AR EH= e HES 2] Wi AxskE b
ofggol Ark AT SnO,% 2 FH AbstE WAl vk o
A GA AAE 5 dom AA g =& AFFE HEWTI
of Wol A+-% i ATH13I.

_

f

Fl

=
A

[o5
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Violet Red
Cosmic|Gamma | y R Ultraviol tta o Infrared | Micro | Radio
Rays Ry ays | Ultraviolet O[E! nfrare Waves [y
I I I
10"m 10"m 107m 10"'m Am)
Vacuum | Short Wave UV | Middle Wave UV | Long Wave UV
uv (Uv-Q) (UV-B) (UV-A)
(nm)
[ [ I [
100 185 254 300 315 400
200 280

Figure 5. Subdivision diagram of the ultraviolet light region.

Ozone-hole
S

4

Missile early

Fire detection

Solar-blind *
UV photo
detector

W ol Ve

Securfy camesgs

Figure 6. Various applications of solar-blind UV photodetector.
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A3 AEEH

Al 1 A Thermal CVD ¥A& & 53 SnO; Yx=9}o] 9]

= =z
=%

SnO; NWs+ thermal chemical vapor deposition (CVD)H S E3] A %3}
9tk Thermal CVDE EolUAE F3l source =22 7|8AA (vaporized),
carrier gasE ©]&3sleo]  7|FH  $Jo  vapor-liquid-soild (VLS) X+
vapor-solid (VS) #AH oz tds UxtxE5s A7 Holts]
Thermal CVD 3% 37] Ao, thermal evaporations A}-&3}¢]
sapphire(0001) 713 9o t=F 10 nm 4% F4¢ Au oS 2353
Au %2 Au nanoparticle® dewetting ¥ ©], VLS A4S E3 SnO, NW
AAS o]t seed S 3l Source: SnO powder (High Purity
Chemicals Co., #SNO07PB, 99.5% purity)ES AF&3F9 . SnO powder 025 ¢
< alumina boatd]l ¥, 7 912 12 mm FE oA X Auz ZHEE
sapphire 7] 3S upside-down #&o 2 2&E¢th(Fig. 7). 7] A% @A
of S vapor ¥EE AF3H7] A el 183l Horizontal vacuum
furnace®] quartz tube (diameter ~ 25 mm) 7o XA FHT. SnO,
powder WAl SnO powderE AF&3stSS ®w, SnO¢ =+=4 (1080 )=
Sn0»2l HEF (1630 C)Hth Ag oz YolA thermal CVD =% 600 C
o] s}oll Al vaporization®] 28ttt Thermal CVDH-2 712~ F3F, &4 44,
Z2 2w7t vl 23 Az WHo|tHl]. Carrier gaste Ar gas
(99.999% purity)E AH&stt. MFC (mass flow controller)® 40 sccm
(standard cubic centimeters per minute)® %S =95, Thermal
CVD 3t Bet b8 6.67 x 10° PaZ X33tk o] Aol 9
Qe 7bsetAl et #ES FHE wETld Agsit $3F 2
600, 700, 800, 900 CellA AF@stAth 52 A ¥hg ol A
st t, Y422 = Ar gass 200 T7HA] S0 34 §

8
Ce] A&S B9 sapphire 7|3 9ol &k A 22 yiofolo]rt wE )
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o,

o|\

2 2ed A AEFY xH YA sk field-emission  SEM
(Hitachi S-4800, operated at 15 KeV)S AFg3e] B35t
Cross—sectional SEM °] "] 2] &= Z+7te] NWse| Zdol& A sk H AFEH A

ot SnO; NWs®] 24 545 AFat7] s £33 71457 d+-4 5D Wt
elA XRD &4 & Fdskdth. zh2be] NWe fx+4%= TEM (Talos
F200X, operated at 200 keV)& AR&3ste] A3ttt ety =44 Ewle
TEM EA3l:= Boto] zhzhe] 2 49 EDX mapping FAMS dFdth. =3
NW9] tip#} stem® EDX 2=#HEHE F3] Sn0.9 343 =47 Au IR

A5 Felsinh

SnO; NWe] #selo 2 FtA % UV photodetector®] %S Ast7] 98l
metal-semiconductor-metal (MSM) Tx¢] A=& Attt olF F©
Ti/Au A=} €& e-beam evaporationS AF-&3te] z+zF 10, 100 nm 5712

7FA interdigital electrode® @A & Atk o] A= 200 yme yH| 9} 7HA,
2800 yme] Zolz Holgdth MSM &9 photodetectors A #tsl7] ¢ 3l
SnO, NWs+ sapphire 7133} 25t Az 9" 92 & AHT. SnO,
NWs7} 4% 7133 A &&S Vialddl Y3 253 AlZ7|2 F 38
athg, 2X¥ol=EE o]&3te SnO, NWsE Az siel fjo W Fdrh
SnO; NWe| &l 2 Az sfde] FEA o= dojr) o g #A L Fig. 8
of Yelt F¥-2 254 nm I} 36 uW/cm powerE 2zt UV lamp
E AHEEATh ol AFo2RY F4 BEd 4 cm Yo XA #d
o] JAtE 714 542 2719 probe T3] A-8&¥ source meter (Keithley
2412)5 AFE3ste] =AH3HY. F7F=, Photodetector?] spectral response
photocurrent= wavelength-dependent responsivityS H7}s}7] ¢& &H Y
Atk Xe lampE HE& 999 Fdor AMEE AL, @AFES switching
monochromator (Bentham SSM150Xe)E &3 A8 =3t 3
benchtop optical power meter (New Port, 2936-R)ZS Al-&3}o] =4 ¥ 3t}

e

o L=
power~t
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Figure 7. Schematic illustration of thermal CVD principle used for

synthesizing SnO, nanowires.

Figure 8. Fabricated method of photodetector based on SnO; NWs. (a) SnO-
NWs synthesized at 800 C. (b) SnO, NWs in solution. (¢) SnO, NWs
transferred on the electrode.
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Al 2 A RF sputtering ¥3S 53 Sn0; vt =&

SnO, 22 RF (radio frequency) sputtering o ® A ZsFAch. RF
sputtering ¥< 13.656 MHz9] radio frequencyS AF-&3te] vbubs =23k}
AW otol carrier gasE T HF AHOA currentE 71T gas’t o] =3}
Hr} o] o] 2-3}¥ gas7} =9l target?} FE3HA At} o] HAHoA target
o] A5 WEHO 7)o S FHA|ZITE £ A gl A= solid target
o] o}y powder targets ©]-83}3 2
Chemicals Co., #SN003PB, 99.9% purity)E AF&3th. Cu moldel SnO,
powderE 4Yo] =& W9 targets A ZF3ATt. Target THO E&E
glol 7] 918l pre-sputteringe ko FA3HE vt SnO; BHEE Ar &
719k Oy 2917104 ZH2 Ago] 2= Qi) webA pre-sputtering= Ar &
A719F Oy 971004 w2 @3sATh Ar gasts MFCE o] &3] 20 sccm
o fHEHor Z#FArk. RF powers 30, 40, 50 WollA 5 4 & 15 &7F

sttt Op gasi= 50 scem EHFAe™ Ar #9719 5 }711 28 =

ATk =2 AR As a7 SElA SnO.8F AAETE WSt

c—plane sapphire 7]¥#<S AFE-38F9t}. Sapphire 7] &2 SnO, targetl Z5-H
5 cm $1& "olxl el A A ¥WerS S&6t7] A, sapphire 7] S
oA E, MlEE, 33 T/HT £o=2 474 5 B4 253 AFHVIE AFHNFA
b AW ot ¢+ turbo pumpE ©]€3e] 15 x 10° Pael X A
E UEFAT Ar E917]0A WgE 7HS 600 TE #A
gast 20 scem ZE|Fom ¢FE e 933 x 10! PaclaAl A&~
b 2 s2 3Fo] 2 nme] ¥hehs S35 T oxygen vacancy S A-$-7] 9] 3|
air &9171914 300, 500, 700 C FAAATE w3, w2 A7) AFE 7
SnO, M-S A x8t7] Y8 O, 9171914 sapphire 7] %9 &%+ 300 Coll
A FASEAT O gasE MFCE ©]&3te] 50 sceme S8F30S W H
ore- 77 x 107! Pady ¢g=Holn, 2 ¢telo] 933 x 10! Pa, RF power’}
0 Wel ZAdA APFEATt SnO, Zeate] T/ UV photodetectord] 43
< golr 7] fal T2 AlZEE 50, 90, 180, 300 s= FYstATt. o] 29
ruo 747y 25 4.4, 88, 142 nme FAE zZte=t =#sla W4 T oxygen

o™ Sourcex= SnO, powder (High Purity

tjo

o

H

AT}, carrier

A
17k F3A)

a1

-
[¢)

=
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vacancy AAE A RFrF st 27 @AM 5 AR O, gasE U
T3l

54e A7 98 23 71E57] A4 5D Wt
ool XRDES =743tk XRD profiles =434 XRR¥ 6-rocking

curvex =439tk XRRS 3] SnO, =Y AE A9, 6
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SnO, ZHtuto g o]F o]z UV photodetector?] AeS WAsl7] 93l
= Z+sl Atk E-beam evaporation<
NWse] MSM A3 593 2719 interdigital electrode® %33t}
HE 22 UV lampE o] &3] ZASH AL, source meter (Keithley 2412)%
=43 AF o). w5k SnO, HH2] wavelength—-dependent responsivityS &4 3}
At olE FAskrl & AREE FRieE #AFe SnO, NW 7w
photodetector®] s AT wje} o]st FLA XY=

rf
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Substrate +—>

Vacuum, — e @
pump«_ ° ° mGas

e o Art o Atoms of target f\ Magnetic field

Figure 9. Schematic diagram of RF-sputtering used for SnO. thin

deposition.
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Al 4% 29 2 3F
A 14 SnO; Yx=90]o] A% mechanism
1. 500 T ¢} 600 C A& mechanism

7}, SEM # XRD &4

tlo

SnO; NWs A As2 ¥4 2% %2 JFds vt 2282 Sno;
NWs9] F+x¢ #9 FA4eS 431t Fig. 10(b)i= sapphire 713 9ol
AlH I 500, 600 CTollAl SnO; NWsE A AAI 71 A]H 2]
XRD profileo|t}. Au ¥2o] F2hdl A& XRD S HH Q = 2674 A
13 29 AleA Au (111), sapphire (0001) peak”} #+Z=E ¢t Au (111)
peak ol interference fringe’} T % =4, o]+ Au d9te] 3w 2 AwA
o] & APHoJY&S & ot} Interference fringe peak® AQE Bragg's

lawell o] gk 2j(Doll dste] FAE +& 5 Atk Au #Hehe] F7= 103

Au #s F3F

oL

" 1)

nm=Z A=At Fig. 10(a)= 500 CeolA Ad73st SEM elwu[x|e]t} 500 C
AlA A= Au HHbo] dewetting®ll €)3e] Au nanoparticle® A &3} T}
Top view ©]U] Ao 4 hexagonal & E|E cuboctahedron Au Y24 e}
Atk Fig. 10(b)ol 500 C XRD €2 Q = 2382 A 'elA SnO; ¥+ SnO
peakSl ®] T X &2 crystalline phases@r 7t Au(111)9} sapphire(0001)
peak”} @EE QAT o]= SnO powder? vapord #¥ 37} FE3| A gro}
Sn0.9] o] AJ#E A &2 Aoz AdHEh 600 C XRD #HEHs BH Q
= 1878 A'OA rutile T%9 Sn0(110) peak’} #HEE= o=z Ho}
SnO7F d4st7] A& des ¢ Aok E=3h Interference fringes &3l
SnO.7t sapphire 7]% W&ol we} epitaxial S T Aom dATETh
Sn0O.4 FA= 4= 21 nm=2 SA T Fig. 10(c)& =¥ 500 CeF o=
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Al 600 T AlHAA Aoz xw FAol niHlth o= SnO.7F Au
seedE F3 inplane 7] 4 Aoz dAddr} e SEM o]V A=
Hhe BB o]Re RRow ryo]l Holth, NWE tipd} stemlZ A4
Q“’% gre BB Ay tip, o] FF HFE2 SnO, stemo @ o] Fo]H T} o] AL

< 600 C XRD #j&l& &3l siiren =3 600 C XRD #Ee] Q =
2.252 Alo A <¢kdk AuSn (0002) Bragg peak”’} ZHZEth AuSn (0002) 2
AL A AAE = F glAT VLS A 7] d4<€ 5 Ao Au tip
¥ SnO; stem®] F 2oz FAHHE T 7] AFe RES o=

.‘%«
L P =T e 0

o

104 E T T X J T T ¥ ¥ X T 5 k % | T L L X
t (b) —— 600 °C ]
Au (111)[——300°C 4
3 Au/Sapphire|]

B10°L

c E .

> N5 . .

o S = Sapphire (0006 3
1 S 100 o 1

= S

= 03') %) E

£ <

=

15 20 25 30 35
QA™"

Figure 10. (a) SEM image of a sample grown at 500 C. Au thin films were
transformed into Au nanoparticles by dewetting. (b) XRD profiles of host
Au/sapphire and samples grown at 500 and 600 C. The inset in (c) highlights

a binary structure composed of an Au tip and SnO, stem.
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2. 700 T 800 C A mechanism
7}. SEM % XRD &4

700 TS} 800 TollA st &4 Az Fig. 11 WeER AT 700 Toll
A et AlEe] SEM olnAlE HW bundle BEJS] SnO, NWs7} #z#
Y (Fig. 11). SnO, NW7} in-plane A&S 3o 7139 WS WH
out-of-plane 30 2 vertical AFS A1Z3 E5olt)h Fig. 11(h)E HH
800 T4 SnO, NWs7h FAd8kAl 43s Ao ## ) Fig. 11(e)&= 700
T 800 TellA AA3 XRD profileo]t}. o] A3 2 ¢l powder XRD
1S e, Rutile tetragonal %9 SnO(110), (101), (200), (201)
Bragg peak”’} #ZE Atk Au(111), (200) peak: 700 Ceoll Hv]&} 800 Tol
A w8 intensityS H.Qth o] SnO, NWs7} vertical A4S 3pHA 3
of 917] wi&olt}. Fig. 11(c)&= 800 TolA As ©d NWel SEM o] u| %]
oltt, NW+ Au tip?} SnO:; stem&Z o] Fo] 3 Fx90& g2l it NWE
Au®] Fm 2ZHg& o]&3ste] VLS #4& AAA €k VLS #8eA Au ¥
ue 2n = =9S v liquid AE19 nanoparticlese] o] NW7F A #3}7]
&3 seed2A GS vt Snd O vapor”t liquid %HEfSl Au nanoparticles
oto g &Aoo 7 Zol7p st Az k. ololA Au®t sapphire AA
Abololl Sn0,2] A o] Ay o VLS Ao whdto] ¥t} Sn¥ O vapor
= Au catalyst glo] NW=E A Z3st= d ojg2o] 9t 800 TolA Al 43t
SnO; NWs9] cross section SEM ©| 1| %] = Fig. 11(d)oll YeEARAT 732
ZHE SnO; NW cotton?] F71= tigF 100 ym A=olH, ©¢d SnO;, NW
Aol g 200 pm=z A FH A}, 3 Image] TRI1US A3 SnO,
NWse] FAo] #Ex%=5 AR o™, tief 135 nme] ¥%& 7Fzl SnO, NW
o] 7t 7bE Wol Z2AHYTHFig. 12(a). ©o] A¥E EUZ Sn0O, NWs]

Zmahslet.
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(b) 800 °C

—_
D ]
~ |

Sno, (110) |

Sno, (101)

10°

AuSn (0002)

—
=

Intensity (arb. units)

—
<
n

10° |

Figure 11. SEM image of samples grown at (a) 700 C and (b) 800 <.
NW cotton can be clearly observed. (c) The SEM image highlights a
vertical SnO, NW composed of a tip and stem structure. (d)
Cross—sectional SEM image of a sample grown at 800 C. The thickness of
NW cotton was estimated to be approximately 100 um and the length of
an individual NW was estimated to be greater than 200 ym. (e) XRD
profiles show several peaks representing the crystalline planes of the rutile

SnO, phase.
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nmr—

A

Counts

= Width

0
el 0.00 006 012 0.18 024 030 0.36

Au10_800C 15.0kV 8.2mm x30.0k SE(M)
Size (um)

Figure 12. SEM image of SnO; NW width of samples grown at (a) 800 C.
(b) The width of the NWs were measured and shown in a histogram. Mean

size of NW width is 135 nm.
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Y. EDX 2 TEM &4

EDX £42 TEM Z74dl= st 35k SnO, NWe| 318t =45
438171 A8 tip? tipeZHFE 150 nm A= ©olzl stemol A A3t
SnO; NW<2] Tipalld+= Auv Audl W-$st= 215 9.73 eV-OJ ol L =] ¢}
stemol]l Al Ox®t Snpoll W3l 052, 346 eVl dyx7F AZE=% At} (Fig.
13(a)). E = 805 eV9 Cuk emissione TEM grid25¥§ Y= peakO] t} Ay,
Sn, O 949 338 %A 93+ Figs. 13(b)-(e)o]l EDX mapping A3 = 1}
BRIt ©+d NWell A elemental distributions 331 th. Figs. 13(b)-(e)
= HY tip2 FE Au 9422 FAFHAeH steme Snd O 9422 A4
Holdth Au tip SnO; NW7F VLS #A4 & AXH AFIASS sty
A 271 F8% 9FE = RS THSIATH

Fig. 14°] YEd high-resolution TEM ojn A& 2 AdH ©d NWO
PAF2E RoFrh SnO, NW tipell A (111), (100) Heoz A7ds Aurt &
ZE T B NW stemoll A& $3HE 7FEA 2= A2 02 499 twin
boundary”} @#&EHAow AL FXor FTAFYHFig. 14(a)). Fig. 14(b)
E vyl 9| 148 237 Acw Z4Hen rutile F£9 SnO, (20005 2z
=t Ar 999 A wide A ¥
3t} Figs. 14(c)-(d)¥= twin boundaryS FEj ] A9t Ar 9o A g
< fast Fourier transform (FFT)& & jH& RolFEoh FET s®lol A zone
axist [010] #&olth. Twin boundary: SnO. (201) W& wa} o] Fojx o
rq zix\ﬂ ;ﬂ/\ﬁ og L}E}lﬂ 1:]. SnO, stem< Au 7ﬂ;<4 OE_,_H ‘1:-% 9}
o} SnOx9] AA wid ¥ A8 A A HAGolA Au tip? SnO: stem At

o] o] AlHoMFE Auol A8EH EAS wol AAHHUT] witolnt

SnO; NWsi= SnO %S AF838te] A z2H Sk w2ka SnO NWs7F A4
2 g k. A 271 AR 29" 342 SnO NWse] iAol 7hs
3ttk. SnO NWse] &4 ofF-= @ NWe TEM w4 o2 HE 2=l
-] NWs= SnO; NW= A EJAAT 2E NWs= SnO= F 4 ¥ U
o o]= rutile 722 Sn0O.9F SnO9 A= & A W4z Qe F+3Ed
% 9tk Rutile 7% Sn09 a¢t ¢ AAGFE 27 379, 4816 A
(JCPDS#35-0712) 2 A H o]l om, rutile 732 Sn0.9] a9t ¢ AAEFE=

I AL&H A (mirror symmetry)<

e
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717} 47674, 31864 A (JCPDS#88-0287)¢]t}. SnO stem< TEM #2412 Fig.
159 YERRRITh Fig 15(a)oll #AIS stem F2& Fdlste] Fig 15(b)ol 1
EFUI R 3 Zone axis< [010] *3Felth. A4 a2 rutile ?.%94 SnO a =
Wao s st o NWe AW Sn09 cF Was weh A3t
(Fig. 15(c)). T3 &< SnO NWe] ¢4 #3X+= SnO; NWeF v 28hA &2
= 3t

1o
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—Tip |]
(a) Stem:

Intensity (arb. units)
=

Au Au |
5t M L ]
]
OK S”L ﬂ ’\
O A 1 AAF 1 1
0 2 4 6 8 10

Energy (keV)

Figure 13. (a) EDX spectra were measured in the regions of the tip and
stem. (b)-(e) Scanning TEM image and the corresponding EDX maps of Au,
Sn and O atoms of a single SnO; NW, respectively. The elemental
distributions in a single NW are well distinguishable. The tip mainly

consists of Au atoms, whereas the stem is composed of Sn and O atoms.
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(301)4 (24?0)' (307) b " . (@30),
; & (0T
101 (101)4 T*
Goryd; fi 407 200y f S A(101)
% : “.(101); * (301);
: +

(101) % +(200);

_(200) +(307)

[010] [010]

Figure 14. (a) Scanning TEM and (b) high-resolution TEM images of a
single SnO> NW. The black dotted line in (b) indicates a vertically aligned
twin boundary. (c) (d) FFT patterns of the atomic arrangement on the left

A and right Ar domains between the twin boundaries, respectively.

Figure 15. (a) Scanning TEM image of single SnO NW. (b) and (c)
High-resolution TEM image of the local area indicated by a yellow square
in (a) and the corresponding autocorrelation image, respectively. (d) The
FET pattern of the TEM image clearly illustrations the diffraction patterns
corresponding to the rutile SnO phase.
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3. 900 C A # mechanism

7}, SEM # XRD &4

Fig. 16(a)& =W 800 CT<} <& 900 T4l SnO, NWse| 7fAl7F &
SHAl &5, vertical Aol ASE AT 900 ToAA thEE<] SnO,
NW= in—plane &S RoFuh ol st A4 E3F Au nanoparticle?] Zvj
Z2H82 53 VLS 449 A4 Ayo|t} o]= %38 Au nanoparticles oA
3] VLS #Ae g4 o]a]._t_ AE BHAgFEY, AT 900 CeolA+= Sn O

o] sl AE)st ¥ 7)o Aol @ ¢Fo} SnO, NW7F vertical 73S 3}
= 59 vaporZl @ AJZE

o
= dl ool Aot ole %7t UNF Eof

A 4% o] Au nanoparticle®l] %01{} Aoz erdct wekA SnO, NWs7t
vertical A4S 3l7]o] o volume effects 2zt Zlo= FAHT
Thermal CVDE 3= &otol in*planeﬂr vertical A7 Alolol]l 7 Ao] LAY
sttl, NW9 in—plane 3742 Ing =33 SnO,, Si, Ge, GaP, Mg,SiO,;, GaN
83l ZnO9} 22 st A a2 oo wo] X aElth Metal particle©]

< W ion-beams &3] FAH undulationd} ZE& FTWH FFE AL

_4_u_(

surface-directed mechanism< NW¢E| in-plane A4S o]11+= dH TQ% &
A o]t}. Metal nanoparticlee] E&EH AL W] in—plane B FS A& sh+=
%53 L classical boundary modelS Abg3te]l AdwE 4= gty NW, 7|
18] 3L metal particles AFe]9] AlA oYX o] & in—plane A ol L3
g4z a#HAT gk 900 T XA YERG AaAl7 e NWE A
A ooy e} Aol glom FAo A W] WsE o]t Fig. 16(h)=
900 CTeollA A A3+ XRD profilee]th. 800 C¢] XRD ZA¥9} #AgH powder
XRD #"lo] #&EEJ oM rutile tetragonal 732 Sn02(110), (101), (200),
(111), (201) Bragg peak”} #2H= ]t}
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Figure 16. (a) SEM image and (b) XRD profile of a sample grown at 900

C. Most SnO; NWs exhibit in-plane growth guided by Au nanoparticles.
The inset in (b) shows a zigzag—shaped in-plane SnO; NW.
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A 2 A SnO; NW 7]¥F UVC photodetector A%

1. I-V curve, responsivity, detectivity 23} &4

SnO; NWsZ FA4 ¥ solar-blind UV photodetector®] A%< 118387 ¢
3 metal-semiconductor-metal (MSM) & 2] photodetector= xﬂz} A=

UV7t 4Akete] @A8= photocurrent response 578 AR&¥ W ol &2

2]
< Fig. 17(a)°l YEFHSTE Fig. 17(b)= A= 9o ¥ SnO, NWsE 33
dujg o7 B olujxlo|t}, Fig. 18 SnO, NW photodetector®] 459 A3}

2

E HoFEY 254 nm 3ol UVE AF&38le] photodetector 5S H7138HA
t}. SnO; NW photodetector %59 #d9AS Adst7] &l 9 7/He] MSM
A=5S AAete current (D-voltage (V) curve® FA4F3ATE A<l
graph 9| 8 7H¢] I-V curve® =74 Z¥= Fig. 19o] HEHAT. o= -10
~ 10 V H99 A7A¢E 59 dark current®} photocurrentE =733} ol
Fig. 18)x IV curve? H#S HoFE=  oiEA4<Ql  grapholth
Photocurrent (Iyy)¢t dark current (Iyi)= semi-logarithmic Z#Z =2 UiE}
WA lges F9E3] W2 3 BHoF=d -10 VEEH HH S71ske] 10
VoA 125 x 10 A #e ZEr UV 4E =E388 v, Ly 10 VelA
272 x 10" A7MA =&t o] SnO, NW photodetectord] #3717 &
Ae W3] Bo]Fth E3], Photo-to-dark—current ratio (PDCR)-S 2] (2)

Iy —1
PDCR = UV “dark (2)
Id(wk

oz AoEid, o 217 x 10° o] Fol FHAHHJL o F;He
photodetector®] &S HoFH, o]Hdo Hiu¥ SnO, NWE 7|Hte =z 3t
UV photodetectors®] 7Fg =2 PDCR¥} Hlawsk 4= Qlt}, o] o] R A
S AFoA A A3 Table. ol YeEATE F7HE, Fig. 18(b)
S HY A7kE Aol wE Iy As SnO; NW  photodetector”}

symmetric schottky type devicezli= AS Ho]Ft}
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Fig. 18(a)9] I-V curve?] 10 VitsS ©]83}l9 photoresponsivity 2} specific
detectivityE =43}t ©]&= photodetector®] A%< H71E ¢ e A=
o]t} Responsivity (R)© 4 (3)= AFE3te] 4T 4 vk Py 254 nm

)

o Ty = Liar
= pxA (3)
W&o UV lamp? powerZE %53tH, R =foA ALE3F lamp power:= 36

pW/cm?o]tl. A photodetector?] effective areaZs YERAW, A= 9o
SnO; NW7F 2FA18F o9& o]v|stt}. Effective areai= MSM A= 19o
= A%ste]l SnO; NW7F 2A3 3o 4 N5 Alo] A4Eesith SnO.
NWE AZd o= ﬂl-‘l] AAEA 10 ~ 15%E #A| gt} kA5 Re)
HF7tE WA st7] $181A effective areas A AAA ] 40%= A 2]} ok
Fig. 18(c)E HW, R A7FdAdo] 01 ~ 10 VoA 48 ~ 660 A/W= A
o2 F7tetth RS & Aled 849 vhES yE = 0.1 VelA 48
A/WZ A3 =2 e et
Specific detectivity (D)& 2 ()& AF&3te] Axbst 4= Stk Rve 254

nm 3G A9 responsivityolil, e & A& S =tk D'E k3l AT E
AutE gXE = J=AE YERATE Fig. 18(d)ell D'E YeERH Z@fzog),
Agto] 0.1 ~ 10 VI WMol A 155 x 10° ~ 1.12 x 10 Jones7t# =
ettt =& D'e oF
photodetector2 ¥ 7}2 4= 2t} SnO, NW photodetector= 36 pW/cm?e] °F
s UV lamp powerdlAl 10° Jones ©]4e] D' e 71xm o)==
photodetector24] =& Aoz H7e&d 4 9ot w3k Fig. 18(c), (d)ell
1 o]F photodetector A5 log-log plotoll A lineardtAl =73k th.

# UVE 9A% & dm, & 45e K

R
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(A =254 nm, P = 36 uW/cm?)

. _—'ﬂ/letal-semiuctor-metal
Sapphirs (MSM electrode)

Figure 17. (a) The schematic shows the measurement scheme for the
photoresponse characteristics of the SnO, NW photodetector. (b) The image

under an optical microscope is a nanowire transferred onto an electrode.
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Figure 18. The performance of a MSM-type photodetector composed of SnO,
NW networks. (a) Iyv and L. The inset in (b) is Iyv and gk with linear
scale, indicating that the SnO, NW photodetector is a symmetric schottky type
device. (¢) R and (d) D" as a function of applied bias.
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Figure 19. To evaluate the performance uniformity of the SnO, NW
photodetectors, nine MSM devices were fabricated and the current

(I)-voltage (V) curves were measured.
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Table O. Comparison of the performance parameters of the SnO, NW
photodetector with those of reported SnO, NW based UV photodetectors.

Responsivity Detectivity  Self-powered Ref.

Material A (nm) PDCR (A/W) (Jones) photocurrent
SnO, NW array 370 6.018 3.6 x107 3.02 x 10° 0.125 nA [19]
SnO, NW array 300 ~5 2.58 (-2 V) 6.413 x 10! [20]
BnQy NWiwith eptical| =0 s g5 108 || 43 < 1065wy | 232 x 108 [21]

tweezer

Sb-doped SnO, NW 254 5x105  625x10°(-1V) [22]
S1/SnO, nanobelt 300 2.75x 103 56 (10'V) [23]
Single SnO, NW 335 102 10420 V) [24]
Single SnO, NW 254 202 4.6 x 105(0.01 V) 17.3 nA [25]
SnO, NW networks 254 2.17 x 106 660 (10 V) 1.12 x 1016 1.23nA ggi
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2. Spectral response, photoresponse time,
self-powered &4 ¥4

Sn0y2] band gape 3.6 eVelH, band-edge absorptione 345 nmell 9%
3t} o]+ SnO; NW photodetector®] cutoff response 7o) 345 nm +9
o Art= AL o u gt} SnO, NW photodetector®] spectral responseS =
Abat7] $18ke] 10 nme] 33 7FF o2 200 ~ 400 nm H Lol F3E -V
curveZ =439t 1 A3 Fig. 20(a)o] e ATE Fig. 20(b)E SnO,
NW photodetector?] spectral responsivityES YWEFW graphe]™, Fig. 200 4
Bl I-V curve®] 10 V #ES AF83sto] I responsivityE  TFsF T
UVC 942l 270 nm®e] oA th2F 1100 A/WL 2 responsivity 2] ] o gk

J % 2t} Cutoff edge 4 responsivityd] Hthzkel 1%= Aol

o 350 nmol A YWERST wEbd SnO; NWsE 7]Hke & 3+ photodetector

= 350 nm 9] cutoff edgeE zZ'+= deep-UV photodetection®] # &3}th
= oA

Al Zkell W& photoresponse curve: UV lampE A1l #& vHisle] =3
19 QI7FA<E 0.1, 1, 5, 10 ValA A3E AAHFig. 21(a)). Rise time¥}

decay time< 2719 A4S X33 24 (5)F A3} sensing curve

o] =%
—

= %

ol

I=1+ A (t= )/, + Aje (t=t)/z, 5)

£ fitting 39t} [, background current, ti= A7, A7 A, E NES 9
u] gt} Fig. 220 YEM rise time?] r,,, decay time? ¢,,;& NW <t
lattices %3} electron hole pair (EHP)9] A3 AAge] A7 YERH
W2 9SS Btk ¢, ¢, defect® Q13 shallow level? deep levelll
EFE =Y dAe of7ief ok S vEhH =¥ §hES g A
rise time< 0.52, 3.27 s°]il, decay time< 0.2, 249 == =4 At NW
Qtell Q= lattices S A FF5S ¥4 wE 9SS HIAR V2 <l
af e =y HAAY of7]eh ok HAPFow =9 whES ShATR HEIH

SnO, NW 7Fe] HES 53 dA 442 photodetector?] response timeS
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=g A dh(Fig. 23). NW 7Fe] A2 grain-boundary model@} FAFSHA
e Atelel AT A=27F dAH= e 9n gt Decay time® =% ¥hE
o] &5 FAAT7] 98 annelingS F3EFHOH O, E7]oA 600 T
= fFAsAT. el 2 A3 Fig. 240 Yetdgleh ol & Ff =9 wb
< FL27F V9 3 vES B8 3dE s B T A

SnO; NWs photodetector?] self-powered A 5ol thajrd B2t} Al7E
of W& photocurrent curveEx 0 VoA 2AH3T o] SnO, NWs
photodetector?] #7|d= 35 HolFoh I A= Fig. 21(b)ol YERA A
th. UV o] JAEANS w Iyvie 123 nA7ZFA] 718tk 1 nA o] 49
photocurrent #< %ol Fatvta H7EI 9ty UVE 2ASHA] &2

%ol Iyv7ZF dark background X 9HE 74 3&F ol

10° 1200 - (b) . _
10,5 b g LI) ./ \ @ <F
= = > 0 >
< o 800 + 0 \D
B .
= c
5 5 \
o jg o 400+ . . 1
4 !
1 0-1 10 I 3 / .\\
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Figure 20. (a) The wavelength-dependent I-V curves of SnO, NW
photodetector. (b) Variation of responsivity as a function of wavelength. The
cutoff edge wavelength appeared around 350 nm, which is defined as the

wavelength exhibiting 196 of maximum responsivity.
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Figure 21. (a) The time-dependent photoresponse curves of the SnO; NW
photodetector with a UV light cyclically turned on and off. (b) Self-powered
feature for the photovoltaic effect measured at a nominal zero bias.

Current

w

Time

Figure 22. Photoresponse time factors of sensing curve of
the SnO, NWs photodetector.
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(b) | > &

NWA L ovor

v

Au10_800C 15.0kV 8.2mm x10.0k SE(M) 5.00um

Figure 23. (a) SEM image of the junctions between SnO, NWs grown at
800 T. (b) Schematic illustration of a junction barrier for the electron
transport. The oxygen ion on the surface of SnO, NW formed by the
adsorption of oxygen molecules in the air works in the photoelectric current

gain.
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Figure 24. The SnO; NWs photodetector annealed at 600 C in an oxygen

atmosphere were improved the slow response speed.
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3. Charge carrier transport mechanism

oA dAdgH Fig. 18h)E HWM SnO, NWse Au dA=L symmetric
schottky contact 3+ AL & 4 At F59 H=2v] £9 (Epn)’F nE HH=
Aol Hezn F=9 (Epd)XBt o wom nd R=A] dAase]l &2 it
o] ng WEEA7F of#l 2 3 Al ¥l Dark currenti= conduction band ¢
Hp2 offol 9l shallow donor® #o]e} #eo] 9lt}. Dark currentt Fig.
25(a)°ll YEFHATE SnO, NWE dwbA o2 4karh Ag e v ststdE4 A
HE zt=th 283l Ve shallow®t deep levelo] E#fE =14 HA}9
source®l T}, A4S 7F3S  wl shallow levelo]l A& TuY AAE0]
conduction band® ¢o}7|¥o] HAF7F 327 Hrh, w4 shallow donore]
= Fol= Aol ¥ dark current #S 92 = At Fig. 25(h)+= ol
UAE F=A%S w2 photocurrentE YWEFH AT SnO, NW photodetectorell
™ valence bandell )&= HAE©] conduction band®  A}7f

A oletH A photocurrent”t EE2A HTh SnO, NWY latticeol| &= HAA7}F
Ho]717F o] electron-hole pairs’t 243t photodetector?] F 4712 7
2 5 ®k. UV 2S 218 ul conduction banddl & AAFE9] valence
band= o|¢t=™ A7 #FE sHA Hr}h o= decay timeol A g0l NI
H wE §r3S Helth x| V,E 28] deep leveldl EfE 1 Az}
o] o]k RO T oA =% RFES Bt weba FukE SE= At
o] EvellAl Ec& Hol7b 2 AAA =T} kA% bulk statee] #Fold+= V,
9] deep donort AHH R =¥ vk Ko rlojdtt Fr1HE ade 0

Vol Al ZAFsl9l 3l 1.25 nAR 53 A5S =99t
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= Electron
+ Hole

Figure 25. Schematic diagram of the energy band of the SnO,

b

T
>
i

LLIL
m
-n
I

Ev
SnoO,

— Oxygen vacancy at Au/SnO, interface

Au

(" Oxygen vacancy for deep donors

(b) Photoconduction

Au

hv s
2l

—++++++EV+

SnoO,

Au

Er,, : Fermi energy level of metal

Eg, : Fermi energy level of SnO,

NW

photodetector of an MSM type. Energy alignment between Au and SnO, for a

symmetric schottky contact.

(a)

The dark current is related to excitation

process of donor electrons at shallow level. (b) The photocurrent is related to

the generation and recombination of EHP. Due to V, and other levels within

the band gap, the charges were trapped and released.
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photodetectory] A&
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SnO, "We FA7F FAYESE metallic propertys Elo] =2 dark
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currentZ zt=t} Photodetector®] 7} 715 % PDCRY ko]l 4% A%
o] gFotr® v dark currentE 7FAoF fEletth. webA wEe dark

current #& 27] 918 Ar E9710A 2 s S&35EY] 2 nm F7¢] SnO. ¥
S A %3] SnO, ¥ photodetectorE A 23t ¢it}t. Fig. 26(a)E HH
as—grown® PDCRS 10° ojxto & Z=Aw 9o sensitivity’} -3ttt 3t
A9k Fig. 279] as—grown?] photoresponse curve® decay times H'H wj-$-
=g wkgo] #AAFT 6-rocking curveol] A diffuse scatteringe X broad
component’} A2 §l&ol%= &3t decay timeo] =¥ WSS 3} tH(Fig.
29). o]+ V,9 ol o]l= 7] 98] rapid thermal annealing (RTA)
S AFE38Fe] air 971914 300, 500, 700 T2 Y3t} Fig. 285 W
RTAS %7} =S5 Vo7F AFAEA da50] Awidstdon 444
o] FAE T TS Fig. 295 ®W RTAE &g 300, 500, 700 C =7
sharp3t peakEo] #ZEHYS™ domaine] Z AHAFHAAS F2lsstt
diffuse component’} 2w x| gkttt wegbd PDCRE &o]E%t -V
4 A3E B RTAE 3 257} mobd 55 Iyv7b stobi th(Fig. 26). ©
gk e diffusione] dojuh Abst wESS Shedl 22T =4 M ETE
Ahstebe] FA7E Sbgket ol 2 QlE Iyvell Feddte dAke] b Aol
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(a) As-grown

PDCR > 108

Current (A)
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;(b) 300 °C 1 i b) 500 °C ] { ) 700 °C
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Figure 26. The performance of a MSM-type photodetector based SnO. thin
films. The Iqax and Iyy gradually decreased from 300 C to 700 C. Therefore,
PDCR was also reduced.
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F ——2300°C Y
10’4 i 500 °C
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Figure 27. The time dependent photoresponse time curve of the SnO, thin

film photodetector annealed at 300, 500, 700 C in an oxygen atmosphere.

The oxygen vacancy on the SnO, thin film surface was filled, speeding up

the decay time.
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Figure 28. The annealing was carried out at 300, 500, 700 °C. The
higher the progressed temperature, the atoms were rearranged.

Interference patterns also were observed.
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Figure 29. ©-rocking curve of SnO; thin films. The sharp peak indicates that

the domains are well aligned. Diffuse components were rarely observed.
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Figure 30. Schematic diagram of XRR principle of measuring refraction and

reflection of X-rays incident on the surface of a thin film.
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Figure 31. XRR profiles of SnO- thin film deposited for 50, 90, 180, 300
s. (a), (M), (¢) and (d) were measured at 25, 4.4, 88 and 14.2 nm,

respectively. As the thickness of thin film increases, the period of the

fringe narrows.
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2. XRD € AFM £4

FAC W& SnO, ¥l FxF 5SS #4357l 918l XRDS AFM
(atomic force microscopy)= SAstA . 77 ¥ete] XRD profile Fig.
320 YyeEpdTE 2E FA9 vt A SnO, (200)7 Sapphire (0006) peak
7F BFHAT Q = 29012 Aol ##¥ Sapphire (0006) peakE A <8}
L, SnO»+= rutile %<2 (200) WaFe zuk A A3t 44 nme ¥ XRD
HES B Sn0,(200) peak Tl interference fringe?} T Qith o] =
E3] SnO, ¥Fero] sapphire A A} Wake] wlz}l hetero epitaxial growth® 3F
Aoz FAdHATH7]. o] SnO; W3} c-plane sapphire 7|39 AA} & A
(lattice mismatch, f)7F 27| wj<zoltH8]. A} BEdA= 2 (=2 ALtEh

X
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i

a,, a;o ZH2F 7103 wbey o] AXPGEE ofw| gt BEehe] in-plane W
o A rutile F+F Sn029] [010] ¥} c-plane sapphire 7]3#<] [1120]
F Abelo] Az =dA= 04%°]th 71#3} vbEe]l Az ZAA7F 9% w|wk
o u pseudomorphic growthE 3t} o)== 7|#3} vheke] A7 A w4
sHA A A AS o n|gtth. wEbaA] c-plane sapphires™ SnO, BFulo] A%
710l ol AFA el Z1Folw hRE epitaxial = A Z JlsAlo] ATk w3 =
& ARAe SnO, S A5 F Ank ¥l 883 142 nmolA=

A7F S7vEF5 = volume
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interference fringe7} @zE A ¢k=t}. vl o
effect’t 75 W ARV =
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oltt, AFM oluj#&= 1 x 1 um9] Z7A A3l Figs. 33(a) ~ (d)
= 9wyl S w Fig. 33(d)E YA7E A9 H
FANAFE circular YAY =77 Ax = )
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23 Rq #< ol&3te] nuwatdth 25, 44, 88, 142 nm 2o W AA
71 0.82, 2.02, 329, 3.34 Ae® ZAHYor T FAYAFE 3ol
7batd Tk AFM data®]l 3xl ©]w|#]= Figs. 33(e) ~ (h)el YeEpl AT
SnO, ¥ epitaxial growths 3FWH A vertical columnar structure® 43 %+
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Figure 32. Out-of-plane XRD profiles of SnO, thin films grown in the
SnO; (200) direction. The asymmetric of SnOs (200) peak in thin films of
8.8 nm and 14.2 nm caused by the step terrace defect. The interference
fringes around the SnO. (200) peak indicate well aligned atomic planes

along the surface normal direction.
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(d) 2.5 nm

Figure 33. (a)-(d) AFM 2D image and (e)-(h) 3D topography to
analyze surface roughness of the SnO. thin films. (e), (f) AFM 3D

image indicates the columnar growth of SnO, thin films.
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3. 6-rocking curve 4]

SnOy 9] mosaic 7% BEEXEE dol7] ¢3] O6-rocking curveE: =
AslA . Fig. 349 774 SnO, B9te] O-rocking curve &4 ZA3E el
WA}t 6-rocking curves= specular scattering® diffuse scattering &= o] F
o]z dtt. WA specular scatteringe Z FHEFHoIYE domaine 53
peak”} sharpdtal full width at half maximum (FWHM)e] Z+&<4% smooth
surfaceE ztal ¢S & 4= glt}. Diffuse scatteringe domain®] o}y A

= o4 4 921 broad component® YWENH I rough surface$l#] 3helsh

Fig. 345 ®HW R2E FA49 vl A sharpdt peakE 7}4  specular
scattering®] #EFET o] SnO, HrHto] (200) Wa}ow Z AAHJT=
AL 4 4 At o] peake] FWHM k2 Fig. 34(b)ell line profile® YERY
At FA F74EE FWHM @kl 44 nmeF 8.8 nmeol A 6°, 142 nmol
A 66°2 2w EoWd. ol& F3] ¥uto] out-of-plane WEFOZ SnO.
(200) Y=ol 2 AAsl Aoz FAuEl Diffuse scatterings H'E F7
7} FAY A4S broad component’t 5 7FsFAtE 2.2 nm BHEFel A= diffuse
componentZt A& #ZE A AUTE SnO, ¥ FA7F ¢9FS W+ sapphire
7138l kel whe} epitaxial growths she] ‘o] & AHALAARE, F7
7} $7Fd 4% SnOy7) columnar structure® A Al HwW A vlake] gwo
A ZH o)X 31 epitaxial FFS @ A ATk wEbA Fig. 34(b)ol YEM A%
o] diffuse scattering®] intensity #©¢] %W th SnO, BHEHe & F7 ol A
smooth?t FWS zta glom FA7F F7 94445 rough surface 5 7Hé}Sl
=

SnO, ¥tete] F77F k&= diffuse scattering® intensity7} S $kt}.
ol A AFAlSHA AW MA T 44 nm BF9e] time dependent photoresponse
time scaleo] 7bg %3 ZA3E B vk shA W ¥kEro] gFol phocurrentol
Fodst= AR 47} ol intensity/F Skth o]l A& 25 nm HFEO
photodetector®] A %-& H7FstA] ¢kl A7 25 nm o] time scale
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Figure 34. ©-rocking curve measurement of SnO, thin films with 2.5, 4.4, 8.8,
142 nm. (a) Specular scattering indicates the sharp widths. (b) The FWHM
of sharp peak was measured similarly at all thicknesses at 6°. The diffuse

component increased as the thickness increased.
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A 5 & SnO, ¥t% 7]w UV photodetector 54

=]
5 A

1. I-V curve, responsivity, detectivity 23 &4

1L

SnOy, RS 7|Hko 2 3l golar-blind UV photodetector®] e Ald
k. . Ado A= interdigital electrodeE A3l MSM & 9
photodetectors A 2}3F A th. Fig. 35(a)& sapphire 713 9o A7A171 SnO;
ylul 718k MSM -3 ¢ photodetectorE 3dtdn]d o g7 &3 o|m ] ojt}
Sn0zol WH=Zl U ET Fdd FoluAE 7Hd 2s ZARSHE 7R
qoll A= AR WEHWEA FAIA7E dojy  electron—hole—pairs
(EHP)7} &A%t} olw SnO, BF7he] A=A
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-V curve &4 AZo|t} I-V curve Aol -10 ~ 10 V H ol A]
3, semi-logarithmic Z#HZ=E YEFAAT. 142 nm F7 9
photocurrent (Iyy)7F 10 VollA 143 x 10° A, 88 nm F7= 9.72 x 10
223 44 nm F719 e 98 x 107 AR SAZFAT. FAV FAE
= conductivity7} T EA Wgkth ol whefo] F9W A= F
3 HAAEo] ¢ "olx7] wiEo|th. T3 142 nm ¥ dark current
Tga) = 338 x 10" A, 88 nm 2ehe 162 x 10" A 28] 44 nm =22
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52 O0lA AFAIZL SnO, BFEe]  photoresponsivity 9t  specific

=

detectivity A%< #4131 th. Photoresponsivity ¢} detectivitye] 4218 A

4 7 A 2 A 1M AFsFAT. AL photodetector?] effective areaZs 535}

I 0.096 cm®e] S zt=th UV lamp powers 36 uW/cm?elt}. Fig. 37&
B 01, 05, 1, 5 10 Vo <l7Fddel A photoresponsivity:= EE 7)ol A
Ay o7 F748Sith Responsivity:= 10 VOl Al 14.2 nm ®etoll A 71 =74

AE o, 44, 88 142 nm ¥ o2 4.2 318 448 A/WS #S 2zt
t}. Specific detectivity:= 2ol RyE 254 nm 3o A 2] responsivity
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m 9E Fog 107 x 10 44 x 10M 284 x 10" Jonseo 2 E}NTE.
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1x10™ .

(a) Al (b) UV lamp 36 pW/cm?-254 nm
SnO0, thin film
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Figure 35. (a) The image is a SnO; thin film photodetector of MSM
type under an optical microscope. (b) is Iyy and Igg with linear scale,
indicating that the SnO, thin films photodetector is a symmetric Schottky
type device.
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Figure 36. The PDCR was found to be 10 or more in all thicknesses and
has excellent sensitivity performance. The current is marked with a red line
based on a thin film of 8.8 nm.
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Table M. Comparison of the performance parameters of the SnO: thin film
photodetector with those of reported SnO; thin films based UV

photodetectors.

. A Responsivity ~ Detectivity Self-powered  Ref.

laterial (nm) FDCR (A/W) (Jones) photocurrent
SnO, 850 nm thin film 300 20 2x 1032 V) [10]

SnO, film with 3 3
PTEE cap 280 275x 105 284 x 103 (5V) [11]
SnO,:Ag composite film 340 1.8 x 10°(5V) [12]
SnO, 589 nm thin film 276 0.0452 0.003 (0.01V) 4.5 x 107 [13]
SnO, 14.2 nm thin film 254  2.07 x 10* 448(10V)  2.84x 10"  0.18nA VTVEE
SnO, 8.8 nm thin film 254  7.02 x 10 31.8(10V) 4.4 x 10" 0.7 nA \Il;;;
SnO, 4.4 nm thin film 254 3.07 x 10 42(10V) 1.07 x 10 0.2nA VTvgi
10% . 10" . .

Z

101“i~ ./_/' E

Responsivity (A/W)
s 3
Specific detectivity (Jones)
G

e
| ././.
107k —e—14.2 nm [ —s—14.2 nm
—e— 8.8nm 108k —s— 8.8 nm]
—e— 4.4nm F —a— 4.4 nm
10" 10° 10’ 10" 10° 10’
Voltage (V) Voltage (V)

Figure 37. (a) Responsivity of SnO, thin films. (b) Specific detectivity of
SnO; thin films. (a), (b) exhibits linearity on log-log plot.
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2. Spectral response, Time-dependent photoresponse

curve 23 £

0, B8 71A4 A2l SnO, ¥kl spectral responseE ARt UV
= 200 ~ 400 nm ¥ 10 nm#¥ FHFS F7HA7IEA -V curveE: =
Aottt SnO, ¥t 4.4, 88 nm 749 vhahS ALgskd o, Ay Fig.
38(a)el YEF AT Fig. 38(b)+= SnO, HF%e] spectral responsivity® YEF
Wtk oo wEk =A% -V curved 10 V g o] &3l responsivity
£ F39. SnO; NW photodetector} 2 A 8.8 nm ¥492 260 nm 3%+
oA 4919 A/W= 7}FE =2 responsivityE 2zttt Cutoff edge:=
responsivity®] Foizke]l 1%=2 A ostAtt. SnO, #H9] cutoff edger= o=
350 nm Aol A YEFE o™ responsivitys 049 A/WZ A E St A}
HOoFE Oy F9 7|04 T2 SnO; B2 350 nm oA cutoff edges
zZt= UVC 9 Ye A3l photodetectord! AL 593

Fig. 39+ F7'8 SnO; ¥29] time-dependent photoresponseE =43+ 2
o}, A7FAY}L 10 VE FU3, UV solar-blind 9921 254 nm 3%
< AHES T UV lampd A #& 10 s 49 = wkEshHA SA 83
blulo] UV 9S 10 s 2AMRS v 142 nm #%o] 7} =& photocurrent
grol ugtom 44, 88, 142 nm ek A= 78 x 10° 54 x 107, 83 x
10°e] =2atgleh A% UVE ZAS o 88, 14.2 nm 92 decay time®]
= AL Fgs 4 9tk 44 nm B UVE 113 10 s & %27 g 8
o A= wWEA A A

Photoresponse time scales< 2] (5) I= 1 + Aje
%3] Fig. 39% fittingdtel 3k th 44 nm %ol UVZE QAE S o
rise time< 0.38 264 s°]i, 8.8 nm 2% 0.79 44 s, 14.2 nm ¥92 211
152 solt}, UVE 113 ¢ ¥ 44 nm 899 decay time< 0.19, 1.17 so]H
88 nm 9 037, 2 s, 142 nm ¥ 0.69, 3.87 solvt. 14.2 nm B}eh

—

—(t—t

(t=t)/ry =
=

g Ay

photoconductivity A< 349, decay timeolA 7F4 =% #3& 35}
At} Fig. 409 (a) linear scale’®} (b) semi-logarithmic graph®l] sensing
curve A& YERAT Hbo] FA S E gF vhuto| H]E|A] interfacial
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Figure 38. (a) The wavelength-dependent I-V curves of SnO; thin film
photodetector. (b) Variation of responsivity as a function of wavelength. A
maximum responsivity was estimated at 260 nm. The cut off edge
wavelength of 4.4, 88 nm thin film appeared about 350 nm.
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Figure 39. The time-dependent photoresponse curves of the SnO, thin films
photodetector. The time scale was excellent in the 44 nm thin film, and the

photocurrent was measured the highest in the 14.2 nm thin film.
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Figure 40. (a) The sensing curve of linear scale (b) The sensing curve of
semi-logarithmic graph. The 14.2 nm thin film indicates that decay time

performed slow response speed.
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3. charge carrier transport mechanism

FAERE AJGAZ SnO; v I-V curve Fig. 35(b)ell linear scale=
HEF AT o= O, w9714 AAgk SnO, BH4} Au A= symmetric
schottky contacte k= AL 9n|st}t 559 =21 F97F nd HEEA 9
Hl2Zn F$Hx 1} ¢ o} band bendinge] ¥ojvtH nd WA 7} olglE 3
Al et

SnO, ¥ V,7F A =
ol WAt} o5 A % HAHAA donor 9GS 3HH, conduction
band ©}# shallow level®} #l=78 7ol 91 X]3F deep levelel trapping ¥
ot Oy 91714 FAERE F2g SnO, "o JA7FHSHS 7Hete] Dark
current® 545t W 142 nm 9ol 7HE =A usith o= 142 nm
S ddo=m skao ek F Ay
Vo7b vlad o] gt Hes 7HS W Shallow levelol 133k
donor electron”} conduction bandell & 7]¥ WA dark current’} ZZ A )
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5 43t UVE Z2A18F9S ul valence bandel %1+ Z A7} conduction
o2 o7]¥H valence bandoll= 3ol Al wekA] shallow levelZ
deep levelo]l E# ¥ donor electron¥} EHP7} #A=o] #HoldtA Eo. UV
lampe AFAE W 142 nm F7A9 B9 photocurrent= =A|TH rise
time¥} decay timee =% ¥Whg-o £E 5 Ht}l o]i= deep leveld EH
electron®] 338 o719} ol¢k AA S AX7] wjito|tt. Fig. 41(b)= AFA 9]
G235 Uetli itk EHP7F A1 lS w valence bandell A3Ad¥® Aol
ez Abolo] EfE Abiol 253 W &Fo] dojdtt oju HWIIHER
7F B E™ =S current gk ZHA dhoh webA AoiAo g gHA o] bW
14.2 nm #9te| Al photocurrent”t 7Fg = dth WbHA 44 nm FA] vbdt
= 31 flat tops FATFTH o] defect7t HiFow @A &F

of 7]19J3&}= deep leveloll $1%3%F electron®] #7] wji-o]t}. UV
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Figure 41. (a) Oxygen-chemisorption on the SnO, thin film in dark. (b)
Oxygen-desorption process on the SnO: thin film in photocurrent upon UV

light.
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A5 AEAE

B ApoAE SnO powderE dAEE AFE3e] thermal CVDE £33
high quality®] SnO; NWs& #A|Z3A Tt SnO, NWe A% A3 Fx254
& XRD, SEM, TEM =12]i EDXE &3] 24383tk x7]¢l Au thin
film®] nanoparticle® dewetting ¥ %13, Au nanoparticle?} 713 Aol
nucleation®] TAEATE o= SnO; NWE| in-plane 7S =S o] &S
o A e VLS #4S B3l vertical o2 wpH ok E3H SnO,
powder W4l SnO powderg AFE3IATE ol EA Fo=A 2AA glo] &
How SnO, NWE Axd F UdAt. MSM F3°¢ SnO, NW
photodetector®] A %<& 254 nm Fe] UVE XAlste] Hrtednh s =
PDCR< 217 x 10°, R 660 A/W, D' 1.12 x 10'° Jones® % ¥ %o
By =33 vudls of $5g d3Es Aok T3 self-powered 435
1.25 nA9 AxE zt=th 349 responsivityd HwHg 1100 A/WE 270
nm 3FoA Z=AFE Qo cutoff edger= 350 nm 3G Ao A YERYETE
AR oZ SnOy; NW  photodetector=  self-powered solar-blind UV
photodetector= A4 A gHstths AL st skt NWse] AjdAe] 3
=0l 4840 ZAZ photodetector=A #AstA] @k}, o] & W87 £l
SnO, ¥HekS 71wk o 2 3 photodetectorS Al 2Fal 94t}

RF sputteringS ©]-&3}o] Ar #9794 SnO, ¥rahS A 23k t), vhuto]
E42 XRD, ©-rocking curve®E &3 wAsAth SnO, B4 diffuse

component’} A9 ##E A ¢AX T SnO, B9 photodetectore] Al 7}

flo

% time-dependent photoresponse curveol 4 =% Wk$-9] decay timeS H %
th ol& V2 Qlgh gkgolm o]F w7 Sl O, &7 s Az
SEATE Oy 971 523 SnO, B2 XRR, XRD, 6-rocking curve L
g il AFM=E 54 #A48tdth SnO, B2 #7579 455 columnar
structure® g8t om i A7) E3 S0yt o= O©-rocking curve
o = FH#o] H=d FA F71&45E diffuse component?] intensity 7}
otk Oy #9171elA A7 SnO, ¥ photodetector®] A5 =74 23
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defect®= 93 =9 ¥F3-9] time scales Xt H3H 44 nm 299 time
scalee] 7F4 W& W3S H AW photocurrent®] intensity #te] # X233
o} o] latticeol A Y e= @A $27F A7) wjFolth AyH o2 SnO, Ht
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