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Abstract; In, O;:Sn (ITO) thin films were implanted by Sn*, Ag" and Mo" ions with diffe-

rent dose of implantation and annealed in air at 250 °C for 1 h. The as-deposited sample and

implanted ones before and after annealing were characterized by Hall measurement to investi-

gate the dependencies of the electrical properties of ITO on the metal kind and dose of ion im-

plantation. It is indicated that various ion implantation decrease the conductivities of 1TO.,

while heat annealing has an opposite effect. Mo ' ion implantation supplies more carriers than

Sn™ and Ag™. Sn” ion implantation influences the mobility of ITO the least among the three

kinds of ions. With a dose of 1X10" cm *, Mo implantation and the following heat annea-

ling increase the carrier concentration of ITO by 14 %.
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1 Introduction

As a kind of transparent conductive oxide
(TCO), In,O;:Sn (ITO) thin film has a wide
band gap. high optical transmittance in visible
range, low electrical resistivity and high reflec-
tivity to the infrared™™. With these outstanding
characteristics especially the high electrical con-
ductivity, ITO has been extensively used in va-
rious fields, including transparent conductive
electrodes in displays. touch screens, thin film
solar cells, light emitting diodes (LLEDs), energy-
efficient or smart coatings, and heat reflecting
mirrors, et al™*. Tt is known that the low resis-
tivity value of ITO is due to high carrier concen-
tration caused by both oxygen vacancies and sub-
stitution tin dopants.

Numerous studies on preparation and pro-
perties of ITO films have been carried out with
Researchers mainly bend

various methods.
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themselves to explore the deposition methods,
clarify the influences of the deposition parame-
ters, and obtain first-rank preparation conditions
of ITO films ™. The present research focus
still lies in the improvement of the optical and
electrical properties of ITO thin films!.

Ton implantation technique is known as a
significant method to dope conduction carriers

07 Meanwhile, it's also an

[10]

into semiconductors
important technique of surface modification
However, studies of the ion implantation effec-
ting upon ITO thin films were rarely
reported H112,

As Sn itself is the doping element in ITO,
while Ag is one of the most active metals, and
the highest charge-state of Mo could reach 6",
in this paper, Sn™, Ag™ and Mo™ ions were
chosen to be implanted into ITO thin films with
different dose ranging from 1X10" em™* to 1 X

10" em™%. All the implanted samples were
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annealed in air at 250 ‘C for 1 h . Then, by the
Hall measurement, the electrical properties, in-
cluding the carrier concentration, Hall mobility
and resistivity values of the samples before and

after annealing are investigated and compared.

2 Experiments

A uniform piece of ITO conductive glass
manufactured by Shenzhen Laibao High Tech-
nology Corporation was cut into twenty square
samples with the size of each one being 25 mm X
25 mm. The as-deposited samples had a film
thickness of 350 nm and sheet resistivity of 4.0
Q/[] with the errors limited within 3%. A
MEVVA ion implantation instrument ' built by
Institute of Low Energy Nuclear Physics, Bei-
jing Normal University, was used to carry out
the ion implantation experiments. The ion kinds
and doses of the implantation upon each sample
are listed in Table 1. The excitation voltage and
ions beam are 40 keV and 0.5 mA, respectively.

Table 1 Implantation ions and dose upon different samples

Tons Sample No.  Dose( X 10" cm %)
None 07 0
Mo™ 17 1
27 5
3% 10
Sn* 4% 1
57 5
67 10
Ag* 77 1
87 5
9+ 10

After ion implantation, 1% ~ 9% samples
were annealed. In order to avoid the deviation of
the chemical components induced by high tem-
perature, 250 °C was chosen in this work"'"’.
The heat annealing was carried out in a tubular
oven under air atmosphere at 250 ‘C for 1 h.
The thickness of the films was monitored by an
a-step surface profiler (Dektak ITA). Hall mea-

surement was used to determine the resistivity,

carrier concentration and Hall mobility of the
ITO samples. All the characterizations were per-

formed at room temperature.

3  Results and Discussion

The dependencies of electrical properties of
ITO thin films on the dose of Mo ™ ion implanta-
tion are shown in Table 2 and Fig. 1, where the
values of resistivity (p), Hall mobility (x) and
carrier concentration (N,.) are illustrated. The
relationships among the three values can be ex-
pressed by %/

- _ .
_f'NC’E mep

in which Ry represents the Hall coefficient of

Ry (D

semiconductor and f is f-factor with its approxi-
mate value being 1 in this work. The last co-

lumn of Table 2 lists the values of &— x
Qo

100% (2 means the No. of the sample), indica-
ting the variations of electrical resistivity be-
tween the processed samples and the as-deposi-
ted one. Fig. 1 shows the resistivity and carrier
concentration values of the samples visually.

Table 2  Mobilities and variations of resistivity values of

Mo™ ion implanted samples before and after heat

annealing
Annealing  Hall Mobility ~ Rate of p-
Sample No.
State (em?/V + s)  Variation( %)

0+ None 42.0 0

. Before 36.0 18.7
! After 38.5 —4.9

. Before 36.0 24.8
- After 38.0 —0.6
. Before 37.0 58.9
’ After 39.5 24.1

Evident information can be obtained from
Table 2 and Fig. 1 that all the implanted samples
have lower Hall mobility than the as-deposited
ITO. The decrease extent reaches 6 cm?/V « s.
Meanwhile, before heat annealing, the carrier

concentration goes down induced by Mo™ ions
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Fig. 1  Carrier concentration (a) and resistivity values
(b) of ITO thin films implanted with Mo ions

before and after heat annealing

implantation. As the dose of implantation in-
creases from 0 to 1X10" ecm ™%, the N, value de-
creases from 1. 049 X 10 em™® to 7. 490 X 10%
cm *. On the other hand, heat annealing has
opposite influences on the electrical properties.
Not only the values of Hall mobility, but also
those of the carrier concentration are increased
by the annealing process. Although the Hall
mobility could not return to 42 cm?*/V « s, the
N. values of sample 1¥ and 27 exceed the un-im-
planted one. When the dose is 1 X10" cm %, the
implanted ITO sample after heat annealing ob-
tains a carrier concentration of 1. 196X 10*" em™*,
which is 14% higher than that of the un-implan-
ted one. According to Eq. 1, the resistivity of
the sample is a result determined by p» N. and f
values. The relatively greater increase of the N.-
value than the drop of p-value results in the de-
crease of p-value by 4. 99%.

The results can be explained as the follow-

ing. Process of ion implantation will induce

damages in the structure of semiconductors and
lead to a large number of defects. At the same
time, the implanted ions often exist at the inter-
val positions instead of the replacement ones,
which means the implanted Mo*" (x =1~ 6)[%
ions have not been activated or stimulated™"’.
As a result, before heat annealing, compared
with the as-deposited ITO thin film, the implan-
ted samples have a decrease in both Hall mobi-
lity and carrier concentration. However, heat
annealing can partly eliminate the damages and
defects in the films and activate the implanted
ions. At 250 C, Mo'", Mo’" and Mo*" ions
can be stimulated and part of them replace In*"
or Sn'", supplying more electrons. Mo ions play
the roles of donors. Meanwhile, the ratio of ac-
tivated ions to the implanted ones will decrease

(4l Conse-

as the implantation dose increases
quently, the top value of carrier concentration,
14% higher than that of the un-implanted sam-
ple, is obtained when the implantation dose is
1X10" cm™ 2,
in the implantation effects upon GaAs and other
[14]

Similar phenomenon can be found

compound semiconductors

As to Sn' ion implantation, the electrical
properties of ITO samples are showed in Table 3
and Fig. 2. The atomic diameter of Sn is 0. 158
nm, which is the most similar to the diameter of
In atom (0. 167 nm). For this reason, damages
caused by Sn' ion implantation should be less
than those brought by Mo" and Ag" implanta-
tion. From the Hall mobility column of Table 3,
the correspondence result can be seen that the
variations of mobility are in a small extent.
However, after implantation and the following
heat annealing, the ITO samples can’t exceed
the un-implanted one in the number of carrier
concentration. Through simulated calculation,
Fan Zhixin et al"'™ reported that the theoretical
upper limit of the carrier concentration value of
ITO is 1. 475X10* cm™*. No sample in this ex-
Therefore, the

object of improving the electrical conductivity of

periment reaches this limit.
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Table 3  Mobilities and variations of resistivity values of Table 4 Mobilities and variations of resistivity values
Sn* ion implanted samples before and after of Ag® ion implanted samples before and
heat annealing after heat annealing
Annealing  Hall Mobility  Rate of p- Annealing  Hall Mobility =~ Rate of p-
Sample No. Sample No.
State (em?/V + s) Variation( %) State (em?/V + s) Variation( %)
07 None 42.0 0 07 None 42 0
. Before 40.0 10. 6 ) Before 37 33.4
! After 41.0 2.3 r After 41 7.1
- Before 38.5 16.2 ) Before 38 36.8
After 41.0 8.9 8" After 10 9 2
6% Before W w0 Before 37 39.7
After 41.0 10. 3 97
After 41 17.0
T 1'06‘ (a) .
Tl | :
= Table 4 and Fig. 3 show the effects of Ag
E 102 ion implantation and heat annealing on the elec-
% 1.00r trical properties of ITO thin film. Apparently,
5 098 as to the improvement of conductivity, the con-
g 0.961 3 tributions of Ag™ ions are even less than Sn™ ion
S 0.94; . : . implantation because of the average charge state
Sample No. ° (3+) of Ag ions produced by MEVVAM is
1.75 = higher than its stable charge state(1+). On the

1.70r —m— Before annealing
165k ®  After annealing

1.60F \
1.55¢

1.50r

1.45

1.40 ‘ ‘
0 4 5 6

Sample No.

Resistivity/10* Q- cm

Fig. 2 Carrier concentration (a) and resistivity values

(b) of ITO thin films implanted with Sn™ ions

before and after heat annealing

ITO by Sn™ ion implantation is not realized
here. There are probably two reasons as below.
The implantation dose, 1X 10" cm™* has excee-
ded the saturation point of implantation dose and

Ok

plantation. Further investigations are carried out

vacancy can’t be influenced by Sn™ ion im-

to clarify whether lower dose of Sn™ ion implan-
tation could increase the carrier concentration of

ITO to approach the upper theoretic limit.
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Fig. 3 Carrier concentration (a) and resistivity values

(b) of ITO thin films implanted with Ag' ions

before and after heat annealing
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other hand, although Ag itself is an active
metal, the discontinuous distribution of the im-
planted ions in the films will obstruct the elec-

tron conduction.

of both processed and as-deposited samples were
determined and compared. Among these three
kinds of ions, only Mo™ ion implantation with

the following heat annealing can increase the car-

rier concentration and electrical conductivity of

4 Conclusion i
ITO thin film. Mo ions can play as donor in the

Sn", Ag’" and Mo" ions were respectively doping process. Sn” ion implantation reduces
implanted into ITO thin film samples with dif- the mobility least, although it can not supply

ferent dose ranging from 1X10" em™? to 1X10'° more electrons with the applied dose in this

2

cm °. Afterwards, all the implanted samples work. The implantation of Ag™ is also proved to

were annealed in air at 250 °C for 1 h. Then, by be an inappropriate method to improve the elec-

the Hall measurement, the electrical properties trical properties of ITO.

References:

[ 1] Hamberg I, Granqvist C G. Evaporated Sn-doped In,O; films: Basic optical properties and applications to energy
efficient windows [J]. J. Appl. Phys., 1986, 160 (11):R123-R159.

[2]LiF, Tang H, Shinar J, et al. Effects of aquaregia treatment of indium-tin-oxide substrates on the behavior of
double layered organic light-emitting diodes[J]. Appl. Phys. Lett., 1997, 70(20):2741-2743.

[ 3] Bender M, Trube J, Stollenwerk J. Characterization of a RF/DC-magnetron discharge for the sputter deposition of
transparent and highly conductive ITO films[J]. Appl. Phys. A, 1999, 69(4):397-401.

[ 4 ] Tak Yoon-Heung, Kim Ki-Beom, Park Hyoung-Guen, et al. Criteria for ITO (indium-tin-oxide) thin film as the
bottom electrode of an organic light emitting diode[J]. Thin Solid Films, 2002, 411(1) :12-16.

[5]Lee HC, Seo ] Y, Choi Y W, etal. The growth of indium-tin-oxide thin films on glass substrates using DC reactive
magnetron sputtering [J] . Vacuum, 2004, 72(3):269-276.

[6]ParkJ O, Lee] H, Kim]J]J, etal. Crystallization of indium tin oxide thin films prepared by RF magnetron sputte-
ring without external heating [J]. Thin Solid Films, 2005, 474(122):127-132.

[ 7 ] LI Xiaodong, ZHU Hongbing, CHU Jiabao. et al. Indium tin oxide films prepared by radio frequency magnetron
sputtering under low vacuum level [J]. Chin. J. Liquid Crystals and Displays. 2007, 22(5):553-559.

[ 8 ] JIANG Xishun, CAO Chunbin,SONG Xueping, et al. Effect of indium and tin oxidation on photoelectric behavior
of ITO films[J]. Chin. J. Liquid Crystals and Displays, 2007, 22(4) :398-401.

[ 9 ] Miyakawa M, Ueda K, Hosono H. Carrier control in transparent semiconducting oxide thin films by ion implanta-
tion: Mgln, O, and ZnO[J]. Nuclear instruments and Methods in Physics Research B, 2002, 191(1-4):173-177.

[10] Conrad J R, Radtke J L., Dodd R A, etal. Plasma source ion-implantation technique for surface modification of ma-
terials[J]. J. Appl. Phys. » 1987, 62(11):4591-4596.

[11] Jiang Yanyan, Man Jincang, Liu Hongzhu, et al. Effect of Pb" Ton-implantation on the properties of ITO film on
glass[]]. Materials Review, 1999, 13(5):66-68.

[12] Masato Sawada, Masatoshi Higuchi. Electrical properties of ITO films prepared by tin ion implantation in In, O, film
[J]. Thin Solid Films, 1998, 317(1-2) :157-160.

[13] Zhang H X, Zhang X J. Zhou F S, et al. Mevva ion source for the application of material surface modification[] ].
Review of Scienti fic Instruments ., 1994, 65(4):1295-1297.

[14] Luo Jin-sheng. Ion Implantation Physics [M]. Shanghai: Shanghai Press of Science and Technology, 1980:36-90.

[15] Wang W W, Diao X G, Wang Z, et al. Preparation and characterization of high-performance direct current magne-
tron sputtered ZnO: Al films[J]. Thin Solid Films, 2005, 491(1-2) :54-60.

[16] Brown I G, Godechot X. Vacuum arc ion charge-state distributions[]J]. IEEE Trans Plasma Sci. s 1991, 19(5) .
713-717.



192 L Wil 5 i) ZN %23 &

[17] Fan Zhixin, Sun Yicai, Chen Jiulin. Theoretical calculation of optimum doping content in oxide semiconductor trans-

parent conductive films[J]. Chin. J. Semiconductors, 2001, 22(11):1382-1386.

B TIEART ITO Sl L 74 PR 55 i

EXX, £ OB, HEE

e as i KRR Bl2gfe YA . Jbat 100191, E-mail: wangwwl1016@163. com)
=

XS Tn, O5: Sn (ITO) WAL 73 B 520 T AR 5 Sn' . Ag™ il Mo™ & T A TP EA17E
250 ‘CTR AT 7HALE . AR BN 5 058 1 U6 R dh B AR RIS 254 i i HL 2 . BFSE T
ITO W L2 28052 8 1 TE R B 2 R 50 B i B2 e o S5 38 ik WA [) ol 28 1) B 7 T8 A 2 A [ 7 B2
REAR TTO (93 i MR AR ML B RO 5 Z A0 . 3 Bl 4 J@ v, Sn B ) 1 I il 1) 1 A8 005 3 /)N
T 5 A 1 B 8 1 T LR A B Y O B RO i 3 2 TE AR R 1X10Y em P 2858 Mo B A
FG Z2R K TTO W 3000 T B4R & T 140,

X # i@:In,0,:Sn (ITO) s B TIEA HGE K i 2

YEZ B A : £ 30301980 =), Zr o AR YT A 1 URU L 32 8 A 5 20 8 7 1 19 2 e K MR O PE AT 90

33IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIID

LT HR(R RS ER)

Chdhh 27)2 7 ERTF6 A0RGFAET LA LR F B RS FHF 2 THARERFE—
GekELFRAF., eHFTEARFRRALFHEIREDETALA . FRAALFZLE FALMER
A AFe P B F LRSS A T A FE B RAERIR,

(GRS ERF)AQFHHE SR SARAIAFE. . NEAET . HE2G) AZ6F K. TR MRE.HE
A B AHAR T EHEHRGHEE T X RRNFRAFZETEARAALE TR RABAR X%
FRART A R AR KA AR T EZRHTFIRAIANREZ. LZA S FREFRNTLRTIHEELR.

(RSB ZF)ARAR,B R ZHM 30.00 4,44 180.00 T, B RIAF LT, BAWMERET 12—
203, B A iEE T A LA TR L TAT 2B LRAKESLATHR"ITH G . REFTRFRE
b 2 A5 17 5,98 % 300385) , AR 69K 5 H 5074, B sk Ak Tad i P R PN A i
(3ot :Jb 7K 399 1348 . ¥R % . 100044) . B 9P R AT K 5 :4868BM, Rl B . (iR dh 5 B 7 ) % 23R B/ A )
KikH IR 5, FAaT AT 1Y,

o uk KAT R A R 3888 5 b B A F e KA M E ARG AT
Chdh b 27 ) %43 BE % .130033

W 15:0431-86176059 0431-84613406 % A.0431-84695881

E-mail: yjxs@ciomp. ac. cn; yjyxs@126. com http://www. yjyxs. com



