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Iron-doped indium-tin oxide (ITO) thin films with reduced to 50% mass indi-
um oxide content are deposited onto glass substrates preheated at 523 K by
co-sputtering of ITO and Fe,O4 targets in mixed argon-oxygen atmosphere.
The influence of different radio frequency (RF) plasma power for deposition
of Fe,0, target on the electrical, optical, structural, and morphological prop-
erties of the films is investigated by means of four point probe, Ultraviolet—
Visible—-Infrared (UV-Vis—IR) spectroscopy, X-ray diffraction and atomic
force microscopy methods. The volume resistivity of 930 uQ-cm and trans-
mittance over 85% are obtained for thin films sputtered under optimum con-
ditions. Iron doping results in significant improvement in films transmit-
tance and increasing the crystallization temperature of ITO thin films.
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Touki maiBkm okcuny inmiio-omora (OIO), jJeroBaHi 3aizoM 3i 3HUIKEHUM 0
50% mac. BMicTOM OKCHAY iHZil0, OCAMKyBAJIHKCS HA CKJSHI MiAKJIaIKM, IIO0-
nmepenubo Harpiti opu 523 K, HIISX0M OSHOUYACHOT'O HAIIOPOIIIEHHS MillleHei
OIO i Fe,O; v 3mimaniit atmocdepi aproH-Kucesb. Brius pisHMX IOTYKHOC-
Tell BUCOKOUAaCTOTHOrO HanmopolneHHsa MimeHi Fe,0O; HA eJleKTpUYHi, OITHYHI,
CTPYKTYPHi i MopdosioriuHi BiIacTUBOCTI IJIiBOK JOCIiKEHO 3a JOIIOMOTOI0
YOTUPHOXTOYKOBOTO METONY, VJbTpadioseToBoi—BuanmMoi—iHGpauepBoHOL
(Y®-Bun—-I4) cuexTpockomii, peHTT'eHiBChbKOI AudpaKiiii i aToMHOI cuI0BO1
cuekTpockoimii. O0’emuunii onip mopasxy 930 MmxOm-cM i IPOIyCKAHHS BHUIIE
85% oTpuMaHO IJIA ILIIBOK, OCAIKEHNX 34 ONTUMAJILHIX YMOB. JleryBanHsa 3a-
JIi30M IIPU3BOAUTE IO IIOMIiTHOTO 30iJbIIIeHHA IIPOIYCKAHHA CBiTJIa BUAUMOI Ua-
CTHHU CIIEKTpPa i IIiABUIIlye TeMIepaTypy Kpucraiisaiii Toukux miriBok OIO0.

Karouosi croBa: jieropauuii 3a1i30M OKCHUJI iHIi10-010Ba, €JI€KTPUYHI BJIACTH-
BOCTi, OIITUYHI BJIACTUBOCTi, MarHeTPOHHE PO3MUJEHHA HA IOCTiHHOMY CTPY-
Mi, BUCOKOYACTOTHE HAIIOPOIIIEHH .

Toukue mI€HKU oKcuaa nHAUA-om0Ba (OM0), JerupoBaHHbIe KeJIe30M CO CHU-
KeHHBIM 10 50% Macc. comeps;kaHMeM OKCHUIa MHIANS, OCAMKIAINCH HA CTEKJISH-
Hble IIOAJIOMKKI, IpegBapUTeNbHO HarpeTble npu 523 K, myTéM COBMECTHOIO
HanbsLteHund mutieneir OO u Fe,O; B cmemanHoi aTMocdepe aproH-KUCIOPOS.
Biuanwve pasHbIX MOIITHOCTEH BEICOKOUACTOTHOTO HanbLIeHua Fe,0; MuiiieHn Ha
2JIEKTPUUYECKNE, OITUYECKIUE, CTPYKTYPHbIE ¥ MOPQPOJOrHUYECKHre CBOMCTBA
ILIEHOK OBLIO MCCJIEN0BAHO C MOMOIIIBIO YeTHLIPEXTOUEUHOr0 METOa, YIbTpadu-
oJsieToBoi—BuauMON—uHppaKkpacuoit (Y®-Bug—MK) cnekrTpockonum, peHTre-
HOBCKOII AU(MpPaKIUX X aTOMHOIN CHJIOBOHN cmeKTpockonuu. O0BEMHOE COIIpPOo-
TuBgeHne nopaska 930 MxkOm-cM u mpomycKanue Bbiire 85% IOJy4YeHbl IJId
IJIEHOK, OCAKIEHHBIX NHPU ONTHMAJBLHBIX YCJIOBHAX. JlermpoBaHMe Keje30M
MIPUBOIUT K 3aMETHOMY YBEJIUUYEHUIO IIPOIIYCKAHNSA CBETA BUANMOM YaCTH CIIeK-
Tpa U IOBBIIIIAET TEMIEePATyPy KPUCTAIN3AIUY TOHKUX mIeHOK OMO.

Karouessie cioBa: JIeFI/IpOBaHHbIﬁ JKeJIe30M OKCHUO MHIANWA-0JIOBA, 3JIEKTPpHU4Ye-
CKUe CBOICTBA, ONTUUYECKUE CBOMCTBA, MargeTpoHHO€ PacCIIiblJIeHre Ha IIOCTO-
AHHOM TOK€, BBICOKOYaCTOTHOE HaIlbLJICHUE.

(Received October 22, 2018; in final version—February 12,2019 )

1.INTRODUCTION

Indium tin oxide thin films have potential application as transparent
conducting materials for solar cells, optical solar reflectors and panel
displays [1—-3], because of their well-known physical properties such as
low resistivity and high transmittance in the visible wavelength re-
gion. The most preferred method of ITO thin films production is sput-
tering using ITO targets [4, 5] due to its good reproducibility and ad-
hesion of the films to the substrates and high deposition rate. ITO tar-
gets with 5—10% mass SnO, have been usually used for the ITO sput-
tered thin films with good optoelectronic properties [6]. However nat-
ural supply of indium is limited. Therefore in order to decrease the use
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of indium during the production of ITO films, a new target with small-
er quantity of In,O; in its composition is required to be developed.

Studies of undoped ITO sputtered thin films with reduced amount of
In,O; were reported in [7—11]. Minami et al. [7T—9] reported In,0;,—Sn0O,
films with 50% mol of Sn deposited by DC magnetron sputtering; it
had high transmittance and conductivity. Minami et al. [7] found that
resistivity and transmittance of ITO thin films were strongly depend-
ent on the O, gas content. Promising optoelectronic properties were
obtained in [10] for ITO50 thin films deposited by DC sputtering onto
preheated to 523 K substrates. RF magnetron sputtering was applied
for deposition of highly conductive and transparent In,0,—SnO, films
with 50% mass of SnO, in [11]. Influence of oxygen flow rate on prop-
erties of ITO thin films was studied by Li et al. [11].

Recently, our research group has investigated the structural, electri-
cal and optical properties of the indium saving ITO thin films of In,0,-
50% mass SnO, (ITO50) doped with titanium oxide[12] as an alternative
to conventional ITO. It allowed achieving low resistivity of 31.7 pQ-m
and high transmittance in visible range (over 85% ). Dependence of op-
toelectronic properties of iron-doped ITO50 thin films on oxygen flow
rate and heat treatment temperature was revealed in [13].

In this study, iron-doped ITO50 thin films were produced by co-
sputtering method onto glass substrates preheated at 523 K (ITO50:
Fe,0; (PHS)). In order to reduce indium usage in ITO films, an amount
of indium oxide in the target was decreased from 90% mass to 50%
mass. Effect of heat treatment temperature and RF power applied for
sputtering of Fe,O; target on structural and optoelectronic properties
of ITO50: Fe,O; (PHS) thin films were studied.

2. EXPERIMENT

Iron-doped ITO50 (ITO50: Fe,0,) thin films were co-sputtered from ce-
ramic ITO50 (Mitsui Mining & Smelting, In,O; and 48.9% mass SnO,)
and Fe,0; (Kojundo Chemical Laboratory, 99.9% mass) targets on
glass substrates (Corning EAGLE 2000, surface: 50 mm x 50 mm,
thickness: 0.7 mm) preheated at 523 K (PHS) by using a commercial
sputtering system ULVAC, CS-200 (Fig.1). Process chamber was
evacuated down to a base pressure of 107° Pa while total experimental
pressures were between 0.67 and 0.69 Pa. The DC plasma power Wy
for sputtering of ITO50 target was kept at 100 W. The RF plasma pow-
er for sputtering of Fe,0; target Wip(Fe,0;) was altered from 0 to
100 W. The composition of the film was determined by inductively
coupled plasma (ICP) method, the iron content depends on the RF pow-
er source and iron oxide content reached about 0.1% mass at power of
20 W and about 1.7% mass at power of 100 W (Table 1).

The argon gas flow rate was kept constant at Q@(Ar)=50 scem and
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Fig. 1. Schematic diagram of the sputtering apparatus.

oxygen gas flow rate @(0,) was fixed at 0.2 sccm. The deposition time
was set at 30 min. The deposited films were heat-treated in air at 523—
923 K (HT523-HT923) for 60 min and cooled to room temperature in
the furnace.

In order to determine the thickness for the obtained films, a very
thin line of about 50 um of width and 1 mm of length was removed with
a laser (LaserX, LXSY-UV) in several aligned positions separated 10
pm to each other and then thickness was measured in each of those po-
sitions by using a scanning probe microscope (SPM, SII L-trace II), un-
der dynamic force mode (DFM).

The volume resistivity p, of the films was measured with a resistivity

TABLE 1. Elements’ and oxide compositions of ITO50: Fe,O; (PHS) thin film
sputtered at @(Ar)/Q(0,) =50 sccm/0.2 sccm.

Elements ‘ % mass ‘ Oxides ‘ % mass

Data from ICP, W(Fe,0;) =20 W

In 52.60 In,0O, 51.40

Sn 47.31 SnO, 48.50

Fe 0.09 Fe, 04 0.10
Data from ICP, W (Fe,0,) =100 W

In 49.60 In,0, 48.30

Sn 48.90 SnO, 50.00

Fe 1.50 Fe,0, 1.70




EFFECT OF SPUTTERING POWER ON OPTOELECTRONIC PROPERTIES 945

meter (Mitsubishi chemical analytech, Loresta GP Model MCP-T610) by
a 4-terminal method using the obtained thickness information in ac-
cordance with Japanese Industrial Standards JISK 7194-1994.

Optical transmittance t of the films was recorded into the (200—
2600 nm) nm range of wavelength with a spectrophotometer (Hitachi
High-Tech, U-4100).

The structural properties of the films for different heat-treated tem-
peratures (523—923 K) were determined by X-ray diffraction using a
Rigaku Rint-2000 diffractometer with CuK, (0.15418 nm) radiation.

Surface properties were investigated for the as-deposited (as-depo.)
ITO50: Fe,O; thin films in comparison to undoped ITO50 (PHS) and typi-
cal ITO90 (PHS) (In,0,—10% mass SnO,) by using a SPM under the DFM.

3. RESULTS AND DISCUSSION

3.1. Deposition Rate

Figure 2 shows the relation between the deposition rate d of the ITO50:
Fe,0,4 thin films and the RF power of Fe,O; target Wix(Fe,0;). The d val-
ue was increased from 4.53 to 4.97 nm/min with increasing Wiy(Fe,0;)
from 0 to 40 W since more species of Fe,O; target were sputtered and de-
posited onto glass substrates with increasing Wy(Fe,05).

3.2. Optoelectronic Properties

It can be seen that the volume resistivity p, of the ITO50: Fe,O; (PHS)
thin films is affected greatly by the RF power of the Fe,O; target
Wre(Fe,05) (Fig. 3). The p, of the as-deposited films has minimum at
10 W (930 uQ-cm) and increases with increasing Wygy(Fe,O;) above

Deposition rate
d, nm/min
[

\ I

4 ; 1 : 1 : 1 ,
0 10 20 30 40

RF power, Wgrp(FegO3), W

Fig. 2. Deposition rate of ITO50: Fe,O, (PHS) thin films at different RF powers.
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Fig. 3. Effect of RF power of Fe,O; target and heat treatment temperature on
volume resistivity of the ITO50: Fe,O; (PHS) thin films.

10 W. This may be connected with dying out of doping effect of iron
oxide that does not create additional charge carrier anymore and be-
haves like neutral scattering centre.

The decrease of volume resistivity of ITO50: Fe,O; (PHS) films heat-
treated at 523 K (HT523) with increasing Wiz(Fe,05) to 10 W was due
to increases in mobility and carrier density in the films (Fig. 4). As can
be seen from Fig. 4, the mobility of as-deposited and HT523 ITO50:
Fe,O; (PHS) films increases with increasing Wip(Fe,0;) showing max-
imum at 30 W and then decreases. The carrier density of as-deposited
thin films decreases with increasing Wi(Fe,0;) (Fig. 4). The carrier
density of HT523 thin films increases with increasing Wyy(Fe,0;) to
10 W and then decreases.

Minimal values of volume resistivity for HT523 thin films were ob-
tained in a wide range of Wgx(Fe,0;) from 10 to 40 W. Further increas-
es in the heat treatment temperature cause a sharp increase in the re-
sistivity due to chemisorption of oxygen on the film surface at high
temperature when heat treating in air [14].

The transmittance (1) of the as-deposited ITO50: Fe,O; (PHS) thin
films at a light wavelength of 550 nm abruptly increases with increas-
ing Wgp(Fe,05) to 10 W (Fig. 5), keeping high value with some devia-



EFFECT OF SPUTTERING POWER ON OPTOELECTRONIC PROPERTIES 947

> 3 I I 1 1
= 2. A o as-depo
=% @ o 1T 523
S 55 7
EX y Tz |
o b
E g o as-depo | -a '; 1
© 4 10 ® HT 523 - S‘ I
E‘ 0 " ] i | " 1 M 1 " ] 0 M 1 " 1 i 1 s 1 M
0 20 40 60 80 100 0 20 40 60 80 100
RF power, Wiy(Fes03), W RF power, Wip(Feg03), W
a b

Fig. 4. The electron mobility (a) and the carrier density (b) of the as-deposited
and HT523 ITO50: Fe,O; (PHS) thin films deposited at optimum flow rate of
Q(Ar)/Q(0y) =50 sccm /0.2 scem depending on Wip(Fe,05).

tions up to 100 W, making these films particularly attractive from an
optical point of view.

The values of T at wavelength range of 200—800 nm for the ITO50:
Fe,O; (PHS) thin films deposited at different Wyx(Fe,0;) (10-100 W)
are very close to each other. While in infrared (IR) region (800—

100 o
80—
=® - Empty glass
;60—
g Wl (Fe,0,)/ W
b F -0 s
= d e 10
é 40— — —20 —
= AN BEEEEEE 30 N
& ——40
20 | ——60 —
100
0 3 I | I I
500 1500 2500

Wavelengh, nm

Fig. 5. Effect of RF power on transmittance of the as-deposited ITO50: Fe,O4
(PHS) films. The transmittance was measured by using substrate glass as ref-
erence sample.
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2200 nm) the difference in optical properties increased for different
Wr(Fe,05).

The deviations between the optical properties of deposited films are
minimal at values of RF power equal to 20-60 W at whole wavelength
range. Increasing transmittance of as-deposited ITO50: Fe,O; (PHS)
films in visible region is associated with the fact that iron oxide is an
additional source of oxygen during filling of oxygen vacancies.

3.3. Structural Properties

Figure 6 shows the XRD pattern of ITO thin films deposited at
Wee(Fe,05)=10 W heat treated at various temperatures. The as-
deposited film did not show any X-ray diffraction peaks so this film
may be regarded as amorphous. The hump between 20 = 20° and 30° is

ITO50 ~
as-depo

ITO50: FEZO&.‘M;
HT 923
M’M W‘L L s ndyinie

HT 823

HT 723

:f
3 MM HT 623
B
z MM " HT 523
- MMM as-depo
In28n3012
PDF#01-088-0773
| | H N l” 1
l l SnO; (calc.)
L l [ B |
In;05 (cale.)
A | e 1
1 | 1 [ 1 | 1 | 1 | 1
10 20 30 40 50 60 70

20(CukK.), deg

Fig. 6. XRD results for the as-deposited and HT523-923 IT050: Fe,0; (PHS)
films deposited under Wyy(Fe,0,)=10W, Q(Ar)/Q(0,)=50sccm/0.2 sccm
[13] and as-deposited ITO50 (PHS) [13].
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owing to the background of the glass substrates. The XRD pattern for
the same sample, recorded after its heat-treatment at 723 K is poly-
crystalline with peaks corresponding to In,Sn;0,, [15, 16]. Iron oxide
phases are absent on the observed XRD patterns. Doping by Fe,O; does
not change the structure of ITO50 thin films since possibly iron em-
bedded in ITO thin films and formed ordered substitutional sites with-
in the lattice as it was observed for iron-doped ZnO thin films [17, 18]
or iron oxide content is too small to be detected by XRD.

Increasing of RF power to 10 W hindered the crystallization of the
ITO50: Fe,O; (PHS) thin films deposited at Win(Fe,05)=10W and
Q(Ar)/Q(0,)=50scecm/0.2 scem since iron-doped ITO50 thin films
crystallizes at higher temperature than undoped ITO50 (Q(Ar)/Q(0,) =
=50scem/0.2 scem) which crystallizes in as-depo state.

Figure 7 shows surface analysis results for the as-depo ITO50:Fe,0,
(PHS) films deposited under different powers Wyy(Fe,0;)=10-40 W
and at Q(Ar)/Q(0,) = 50 scem/0.2 scem. It is clear that film deposited
at Wip(Fe,05) =10 W shows smooth and uniform surface, while with
increasing Wg(Fe,0,) some imperfections appear. As can be seen from
Table 2, root mean square height (S ) and arithmetical mean height (S,)
increase with increasing of Wyx(Fe,0;).

a b c

Fig. 7. Surface analysis results for the as-deposited ITO50: Fe,O, (PHS) thin
films deposited at @(Ar)/Q(0,) = 50 sccm/0.2 sccm and different RF powers of
Wer(Fe,05): a—10 W, b—20 W, c—40 W.

TABLE 2. Root mean square height (S,) and arithmetical mean height (S,) of
as-depo ITO50: Fe,04(PHS) thin films.

RF power, Root mean square height, | Arithmetical mean height,
Wer(Fe,05), W S, nm S,, nm
10 0.71 0.56
20 0.83 0.63

40 0.91 0.68
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Fig. 8. Curve fitting by Gaussian of the XPS core level spectrum Fe 2p of the PHS523
ITO50: Fe,O, film deposited at RF 100 W (after Ar sputtering at 3 kV for 1 min).

TABLE 3. Results of curve fitting for Fe 2p peaks of PHS523 ITO50: Fe,O,
thin film after Ar sputtering at 3 kV for 1 min by Gaussian lines.

Peaks Position, eV
In 3p, ), 703.62
Fe 2p;,, 709.84
Sn 3p3)s 715.72
Fe 2p,, 722.49

3.4. XPS ANALYSIS

Figure 8 shows the XPS core levels of Fe 2p of the ITO50: Fe,O; (PHS)
thin films. After Ar sputtering at 3 kV for 1 min Fe 2p peaks were de-
convoluted. The binding energy of Fe 2p;,, is 709.84 eV (Table 3) show-
ing the Fe? bonding state from FeO [19].

4. CONCLUSION

Iron-doped indium tin oxide (ITO) thin films with reduced 50% mass
indium oxide content were deposited onto glass substrates preheated at
523 K (PHS) by co-sputtering method at different radio frequency
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powers of Fe,0O; target and subsequently heat treated.
1. Increasing a high radio frequency power from 0 to 10 W significant-
ly improves the transmittance of ITO50: Fe,O; (PHS) thin films at
fixed oxygen flow rate @(0,) = 0.2 sccm since iron oxide is an addition-
al source of oxygen during filling of oxygen vacancies. Even at
Wre(Fe,05)=10 W, transmittance at 550 nm is 97.9%, but the films
deposited at Wix(Fe,03) = 20—-60 W have minimal differences between
the optical properties at whole wavelength range.
2. The best obtained values of volume resistivity (930 uQ-cm) for the
ITO50: Fe,O; (PHS) thin films was derived at Wip(Fe,05) =10 W with-
out any heat treatment. Further increase of Wy(Fe,0,) power conduc-
es to increase of volume resistivity. This may be connected with dying
out of doping effect of iron oxide.
3. Increasing high radio frequency power from 0 to 10 W hindered the
crystallization of the thin film.
4. Increasing Wyy(Fe,0;) power causes increasing the ITO50: Fe,O4
films (PHS) roughness.

The present research was supported by New Energy and Industrial
Technology Development Organization (NEDO), Japan.
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