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Investigation of the Dielectric Properties of
Metal-Insulator composite TiOyx Thin Films Grown Using

DC Magnetron Sputtering

[I-Hwan Kim

Department of Physics
The Graduate School

Jeju National University

Research on the diverse electrical and chemical properties of titanium oxide
(TiOx) thin films is being actively conducted. This paper explores how the
chemical composition and crystal structure of TiOx thin films influence their
properties. It particularly focuses on analyzing the electrical characteristics of
composites consisting of various titanium oxides such as TiO, Ti,Os, and TiO.
TiO, has three major crystal structures: brookite, anatase, and rutile, all
characterized by wide band gaps and high resistance. TiO, possesses the
lowest formation energy among TiOx crystals, making it the most stable
structure. TiOx with a composition ratio X less than 2 exhibits a variety of
chemical compositions and crystal structures. Moreover, these have relatively
smaller band gaps and higher conductivity compared to TiO,. The crux of
this research is to mix these TiOx crystals with contrasting electrical properties
to fabricate thin films with novel electrical characteristics.

In this study, the dielectric properties of TiOx nano-composite thin
films were investigated when subjected to AC voltage at MHz frequencies.
Nano-composites made by mixing metals and insulators were found to have

notable dielectric constants and dielectric loss values.



We employed the DC magnetron sputtering technique to deposit
nano-composite titanium oxide thin films on glass substrates. As a result, we
were able to fabricate films with a structure where TiO, and sub-oxides
TinO2n-1 are embedded in an amorphous a-TiO,.4 matrix. With decreasing
plasma discharge impedance, the formation of crystals in the order of dioxide
TiO2, trioxide Ti,Os, and monoxide TiO was observed. Additionally, this
process led to a decrease in the crystallinity of TiO, and a reduction in
oxygen vacancies within the a-TiO,.4 matrix. Analysis of impedance influenced
by frequency revealed that TiOx thin films composed of TiO crystal phases
exhibit colossal permittivity exceeding 10° in the frequency range of 10° to
10° Hz. This colossal permittivity is primarily attributed to interfacial
polarization occurring between electrodes and materials, as well as among
the components of the composite.

This research provides a profound understanding of the dielectric
properties of TiOx-based nano-composites, and this knowledge is expected to
open up potential applications in various fields such as MHz range
communications and circuit design. This paper, presenting research findings
on the properties of TiOx, will be a valuable resource for researchers in the

field.
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HOIEEE 7IX|ne 2o odkls ZAIE Y| =olsts Z0| =7hsSIHot.
MOA9 =2t A= ZEFY TiO, [110] T27} 27.4° oM EQIEQACE FItE, Of
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Ti 4+5 718 at. %. ZE&ISICE SOA4, SOA12, 2|11 MOA9 ME9| & 3tst
FEM fL-H= 22 TiOgg, TiOrgs, A2l TiO1gY A2E O &EICE TiO s

U b

0

HFOF &, MOA9 A|Z2Tt RLUSIHA Tiet Ti 2+ L|3A7t LtEHACHE A0 FHSHXL
Ol= M Ef Hlg 2o ar-dof et 28e4=2 HAAE d30] gojdsS &
o &=Lt [51].

ol2fst M%& MASHOIM, Ti 4+7F TiO, A0A Z|QIstCtn B 70| &
2| H0|Ct MZEAZI AIZO|AM Zolgl= Tiav) L3 X (2ps» 458.84~458.93
eV)et =% TiO, ZHOA LIEILI= Ti(V) T39| K| (2ps: 458.66 eV)S Hlu
tH, d& & A=Q| TiO,= HREE HIEE Tio. 2 ZAOo|2 O &EC [52]. 2=
AN=z7t F2 a-TiO,2 7850 A2, 1 Olg= 1A Ef sl =5 2-F0f
M a-TiO,7t 7t ®R2 U2 Xi OUXIE 21, 7k HEZE0(7| mZOo|Ct

~

Ot

[53].
Ti 3+ O3 E0| SOA4, SOA12, 2|11 MOA9 A|ROA Z5 QI AT
24
E

O LAS2 TiOy, W EMdts M E52 EM £=, Ti0s



of ofsiA LtEtL= Zdol2t & == RUCL Xiang Bi 2 XMXE0 2QstH, Tio, LY
M HIEO 7|Qst=E Ti 3+ Ti-O ZEHEIE ZAAIZICE 0|23 ZEAzZ
of A= XPS Ti(Im) L[AL| YA HO|E Of7|StC} [54]. A2{E 2, SOA4 Al=0f
M SOA12 ANz =2z & M, Q&= Ti(M) 2ps. L= (45740 eVOfA
45726 eVE H2})Qt 2py, L[F(463.00 eVOA 46286 eVE Hh)Q| XAl HO
a-TiOy; VY Wl Ti 3+7t ZASHHA LiEtLL= Zi0[2} Y

Mg = RUCE ofefet sidmt oA Ti(m)el A HUES| wytE HmEXt

—_

r|r
OF

X, SOA4%} H|WMES M, SOA129| Ti,0; AFEA MZAHO| dLj¥e=z ArCt= &4
5 &= QUCE SOA122F MOA9Z Aol sYe Ti(m) At HMEE HO|H, 1
&2 CHEF 23 at. % O|C SEX|ZH SOA12 (Ti 2psn: 457.26 eV, Ti 2pij: 462.86
eV)2F MOA9 (Ti 2ps»: 456.20 eV, Ti 2pyx 462.80 eV) AIZ9| Ti 3+ ZAgt ofL
X2 HLIYS O, MOA9 A|EQ| Ti,0; ZAHES U7l =3 §© AL, AlE LY
a-TiO,-, 0l EM= At ZATO| o Mg Zi0[2h of| o &L

XRD2} XPS 24 7|ttez, L& HAfo] FHEO| a-Tio,,AS IR
1, TiO, 28Xt BE A|ROM EHAES EQUCt £ S2t=0F BHH
A4 ZABHSOA4, SOAT2, 2|1 MOA9 =)0 [z}, Tio,o A 0| Zojzict
= AL ZQI|RACL FILE O3 20| A2 ZF XJOo[F-E0| EMES ERUCH
SOA4 AZE U a-TiO, 0l M &t HSED Ti 3+ EZEE HE0| 2 ALE =
QIEl HHEHO|, SOA4Rt MOA9 Al=0l= HINEZ Of B2 Ti0; 28X EX
SoH= Z40] EOIE|RACEH FIPHOZ, MOAIR M2 Yo Tio ZAHI Ti AS

=3
=
ot A= EQLh AHHEY 47 18 0| SEk=0 &4d JuELAE &

B
>
N
&
m\l
0
ujn
|0

| 80| HSCHE 0| =HQI|RALE ez 2 Yol

ri

20ME TiO, 280] & Y851, & § YU EAT HOMX[H, Ti0s 12|21

—

SOFX|®H, TiO 2780 JdECt ol2fgt Hate Tio2l 2780l Eoiyur 2

LIEfLIDY, SEOF a-TiO,, W &2 F& Ha7F Lot
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(a) SOA4

oy

Sum
I s ()
iy
C— i
C— 1igw

(b) SOA12

Intensity [arb.unit]

(c) MOA9

Jg 8. M2 CtE 3ty JgH|E 2= Hieo| XpS AHEZL (@) SOA4, (b)
SOA12, (c) MOA9 [49].
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Ti(0) [eV] Ti(0) [eV] Ti(0) [eV] Ti(0) [eV]

ME g 1 3, 12 32 12 32 1/2
SOA4 457.40 463.00 458.93 464.67
SOA12 A57.26 462.86 458.84 464.61

MOAY9  452.65 458.78 455.26 460.99 457.20 462.80 458.86 464.62

H 2. SOA4, SOA12, 2|11 MOA9 A|ZE0|A ==l Ti0), Ti(d), Ti(m), 12|
1 TiAV)Ql Ti 2pspdt 2py, ZH20 Cish 28 o4 X| [49].
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Ti(0) [at. %] Ti(Il) [at. %] Ti(Il) [at. %] Ti(IV) [at. %] x of TiOx

Art HAE = TiO Ti,05 TiO,

SOA4 0 0 17.0 93.0 1.92
SOAI12 0 0 23.7 76.3 1.88
MOA9 1.1 41 23 718 1.82

SOA4, SOA12, 2|11 MOA9 Zf Htatofl A =HQIEl Ti(0), Ti(I), Ti(m), 22|

H 3.
A Tiav)e| A+ HAEeL 2t =fato] FH| SfstEFEXN HlE [49)]
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2 5 =0 Fab A A0
d (HRTEM)= Solf, d= 39 ©xt =212 I{EH SAED)E LOoiRL, Ol =45

*UCH [ 9]

SOA4 A 20|& Ltk 37|19 TiIO, 2E50| 250 UL, Ti0; 27Xt

7 EXHR|] #Z0| &QI=ICE HHHO| SOA12E HIFE Y LY Tio,ot Ti,0; Z
HEO| gy U #XE Zelhts A2 € 5= ULCE oA =elst xps &4
ZAotet x| AEf Hl2 2o 2o CHSt OSHE S HIEE FI2 a-Tio,, Y
Ao =2 0Of&ECh MOA9 2f0fl= TiO2t Ti03 ZEAER OtL|2t TiIO AEALE
EXBICHE A2 ol 5= RULCH FIHZ, SOA40AM MOAI A|22 Z+5 SAED
IO FELY TiO, [110]01 sHEsteE Tl Et7|7F ofiX|= A2 &l & =+
ULt O|E &l, TiO, ZEE0| olg{st Mg =22 TX A3t EHits AS &
= QUCE HZFE TiO Ti,0; 12| O ZBXE9 A7|= HE 6~10 nm
HEQCH AEXES 242 etdst 3+ £ B+ 20| ot dolel &%
El HEfES ot & = UL ol HAPES ME AZEY UK @1, 22

0f ULt SOIZE ™2 X TEM ZIE2 = MOA9YA Ti 2™ 40| =l X|
t=Ch= HO|CH 2oty mIiHEE M =2QlEE=hH|, ol Z-™EES AR 9|
M LtEfLEE ZAO|CH =Bt MAMHO| EtstE TEM A|RQ| FHECH AXXKte

I_

27017t W 7| 2, 35 E= Ti §EgS S A2 & 8l o=
Ol5 SAED WEO| F&HA LIX| WAL
HRTEM2 &f8fo| Ltk =g =& &5t 20jEL ol 48 Al

AM2s50| Lt 37|19 Sy 2E8S, Ti
7

@)

2 EEE TizOg :l-El—T'— TiO7f a—Ti02_5 Oo:l
2 HO0FELCL SOA4, SOA12, 2|11 MOA9
ol 27 #xet 2™do et HEE TYUHOZ H|Wp ANE H 40| 2

i =RACEH

of & As +=& Aethes A

[m]

1z R
bl

d

19
of
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s)]
TiO2 [101]

TiO2 [200]

Tio2 [111]

TiO2 [210]

Tioz [110] Ti203 [116]

51/nm

(f)
Ti203 [104]

Ti203 [116]

5 1/nm

2l 9. (a) SOA4, (b) SOA12, 12|11 (¢) MOA9 A|E2| HRTEM O|O|X|Q} (d)
SOA4, (e) SOA12, 12|11 (f) MOA9 A|Z9| SAED IHE. IIZtM SIMAFE= TiO,,

M S EE Ti0; A2l =FM slefEs TIOS 2|0[SHC [49].
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ARt a-TiOz.a ng'! TiO, AR A
27070

TiOx et

6~10 nm 7] AtA AL
SOA4 (x= 1.92) TiO, jriges =9
SOA12 (x= 1.88) Ti203, TiO, | !
MOA9 (x= 1.82) TiO, TiyOs, TiOy SEe [BRS

H 4. XRD, XPS, HRTEM &4 Zqt 7|8t Lt 53 A2 SOA4, SOA12, MOA9

[ |

HhOFO| O|A| X H|I [49].
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Z'=|Zlexplip)=Z+iZ = | Zlcosp +i| Zlsing [2]. 42]

€ = ! —Z [2]. 43]

T ed v

= ! Z (2. 44]
A

er
tans= — [2]. 45]

€

O]7|M, =4 YOEAE 22 LIEHALD, FUELO d50t 585 4 7
= f

i 792 B7|GCH

ag|la M5 2 AZE o, M5 HEE 4, 2|1 TUSMe REUEE (2 X
ACH

18 102 S20M AC HYE ZUS [ RUYs /df BHHE =4
tans2| TEF AELE EOELCL TS FYHRI= 10°00M 8x10° HzHX|2
HESIAUCL ATA SR HShE ¢ 0] BHREH, 2 S4% HaIF ojut=

A MM tans LY ZO| 243t IAE 2 4= UL SOA4 A|RO| a-TiO,, ¥
N

Y3 EE T3+ M AWES0| JHY M@, BYNO| B2 Tio, 2

E N des S, 4%
O] BZEL|0| QUL O|2TH SOA4 ARl Z2 10°0|M 6x10° HzIHX|Q| TS+
FA0ll Z2M 3x10° 0|2l ¢ 40| LIEtHCE 2|10 O Tlass HYE oot
WA MY 2o AT AT QT 10° Hz O|= R E g 2x10° B
O ¢ U= QHIIEICL a-TiO,, YO TiO.2F Ti,0; ZEE0| g5 U= +
RE X SOA12 AR 82 TSIt 2x10° Hz A7t & WX, ¢ a2
CH=f ,

10°22 RA|EL MS+E © =0IH, ¢ 4o 543 Hap7h LIEHLD
O|F THEf 10° g2 AFI}ELCE FIIE F AZRO0M tans?| 23} H3= BF
2x10° Hz FZOfA LIEFHCE Ti(0) g Ti0O 2¥S F7HE ZEstD U=
o]
o

MOA9 AlZ29| A20= 1x10°0|AM 5x10° HzIHX|e] Rz
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oM Yooz He TS40A HOlE 42 WA Usfol TS
. % 240f A
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HtS5h= SOA12 A|22| 52 AC TE0| gt oE=7t ¥z oLt

Mol ot ZE 2nQICH (58, 59]. SOA4et HlmMES o, MFEL
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Dielectric Constant

<01V>

O SOA4

107§ @ 3

* SOA12

> MOA9
73
]
(=
]

102 104 108 10 10 106
Frequency [Hz] Frequency [Hz]

23t A2 SOA4, SOA12, MOA9S| A2 (3) SE A2t (b) EHHI

I
AAZE FOg HQ 102~8x10° Hz [49].
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<SOA4> <SOA12> <MOA9>

7000

(a) . raw 2000F  (b) . raw (c) © raw
low low gop e i
6000 wormiddlell | A AR AR | middle {{,‘{,‘,’d'e
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so0b ™1 .. H..H,, |Lwm sum won SUM
p— T T 60
§ 4000 § 1200 5
=) =X =}
A 3000 i L 40
800
2000 -
400 z
1000
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0 it P 0 sa 0
0 1000 2000 3000 4000 5000 6000 7000 0 400 800 1200 1600 2000 0 80
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O 1. LIO|FAE J2fZ: (a) SOA4, (b) SOAT2, X () MOA9S| HEE
c 7t 2| 20|Ct [49].

on

HA =4 BE D (AC TE = 01 V). AYE 1L
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% 10% SOA4 « 10% SOA12 122 104 MOA9
(a) 001V (b) 8 0.1V 1 @ o001V
4 ©02V 8F © 0.2V ° 0.2V
0.3V 03V 1.0 0.3 V[
V05V v 0.5V vO5V
* 1.0V * 1.0V * 10V
3 6F 0.8 g
g g
N2 Nl
2.
0
0 4 6 8
Z'[q] x10% Z [a] %10
«10% SOA4 %102 SOA12 MOA9
5.0 5.0
(d) - -l -Low (e) -Low (f)
I - -@- -Middle F ® -Middle st
# high high
40r ® 4.0 ]
+ ¢ 4 xo025 ¢ _
E E §a30r -~
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10} 10} @ @- @ @ oot sie s minis msisiend Y 10F .
.A . & . .................. -" .. =
0 0 0
0 02 04 06 08 1 0 04 06 08 1 02 04 06 08 1
AC bias [V] AC bias [V] AC bias [V]
12 12. (a) SOA4, (b) SOA12, (c) MOA9S| AC XIZ0f [ME LIO|FAE Jej=
= = =
ot Mzm}, Z¢t Fht, A2l AFMoMe| Megr HelE AC =0 et Lt
EtEH J2)Z; (d) SOA4, (e) SOA12, (f) MOA9 [49].
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AC- e Bom A%

RS Rhigh Chigh Rmiddle Cmiddle Rlow Clow
0.1V R e m R e m F R e m F R e m F
SOA4 94 1510 3.9%x 107" 450 7.7%x1071% 4050 1.0x107°
SOAl12 3.2 1500 2.7x10™* 100.5 2.6x1071 320.7 4.2x10710
MOA9 9.5 26.6 3.3x10° 353 4.9%x107°

H 5. CHYst FO0| 2| SOA4, SOA12, MOA9Q| HIM&E & HM7|82F Zt [49].
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