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Fig. 1. RF magnetron sputtering system for ITO film de-
position with auxiliary anode and integrated plasma dia-

gnostics.
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Fig. 2. Cathode bias voltage Vo , auxiliary anode current
Ian , and plasma potential Vp as functions of the auxiliary
anode bias Vja during an ITO RFMS discharge.
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Fig. 3. Effect of different auxiliary anode voltages (0 to
+50 V) on the energy distributions of argon isotope ions
BArt (m/z = 36) and *Art (m/z = 40) in an ITO RFMS
discharge (Gas pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 4. Energy distributions of positive charged *Ar* (m/z
= 36), “Ar* (m/z = 20), O (m/z = 16), and O;‘ (m/z =
32) ions in an ITO RFMS discharge (Gas pressure: 0.6 Pa,
discharge power: 100 W). Measurements have been carried
out for different auxiliary anode voltages ranging from 0 to
+50 V.
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Fig. 5. Effect of different auxiliary anode voltages (0 to
+50 V) on the energy distributions of metal ions In* (m/z =
115), In*" (m/z = 57.5), "8Sn* (m/z = 118), "8Sn** (m/z =
59), and InSn* (m/z = 233) in an ITO RFMS discharge
(Gas pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 6. Effect of different auxiliary anode voltages (0 to
+50 V) on the energy distributions of metal oxide ions InO*
(m/z=131), InOF (m/z = 147), InOF (m/z = 163), SnO*
(m/z = 134), SnO;' (m/z = 150), InSnO* (m/z = 249),
and InSnOJ (m/z = 265) in an ITO RFMS discharge (Gas
pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 7. Energy-integrated count rates of singly charged ions
(Art, Of, O,*, Int, Sn* and InSn*) and doubly charged
ions (Ar?*, In**, and Sn?*) in an ITO RFMS discharge at
different auxiliary anode voltages from 0to +50 V (Gas

pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 8. Energy-integrated count rates of metal oxide ions
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in an ITO RFMS discharge at different auxiliary anode
voltages from 0 to +50 V (Gas pressure: 0.6 Pa, discharge
power: 100 W).

K9 RR T OF Oy B T HE 4 1 bR b
Vaa O VHIUME+50 V B ALERIE. A FIEE
T E A LR S5, 7B IEDFs 23 B
1) R G R AR, TR Bl 22 A 38 e 55 1 S B
t. C A BFE DS VDR O BT B A L R S A5
T8 L BIR  T S S0 Be [R] A T RN BIF AR R
FH H A T AE b 8] 4k B — 4 #5578 201 A 530 A 45 51
EQP UL 1 B8 7 BE &, SRR % Sk

238501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 23 (2025) 238501

Ve (t) = Voo + Ucsin (wt) , 25 B 5 W B 3 V5 (1) =
Voo + Upsin (wt) , IR Ve (1) ZS R0 4H 3
51y B FAESE B R T I s o B TRl 1R
THIHERESR E, W /& Tompson 42 1 i I 5 57 7 B
AT PRAL:

B (Eb+E0>O5
vE;
F (Ey) x , Eoy<vEi—E,
E2(1+Ey/Ep)® b

F(EO) = Oa

b Sy AR 0 BE A R A, T T AT
T HWEF MR, B, AR TS A6 BOAA
S ArTE TRERD; B ERIHE. E, IE T IEDFs
FRIAEE BE 348 20 1 25 RE R . BRI 170 B 1 MM ) 2]
EQP BUREFLAYLRE rT 43 = AP Bk

EO > /yEl - E57 (1)

109 O~
108
107
106
10

4
188 FO2
107§
106
10° F4
104
103

— 0V —30V
10V 40V
— 20V — 50V

SRFE /arb. units

0 5'0 160 1:50 2(']0 2:50 3(')0 350
BETRER eV

9 ITO 5F 5 B 42 s s o, A () il B B A% A e (0—
+50 V) X} O (m/z = 16) F1 O (m/z = 32) i & ¥ fig & 4
i BRI (U 0.6 Pa, I IR 100 W)

Fig. 9. Effect of different auxiliary anode voltages (0 to
+50 V) on the energy distributions of O~ (m/z = 16) and
05 (m/z = 32) negative ions in an ITO RFMS discharge
(Gas pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 10. Effect of different auxiliary anode voltages (0 to
+50 V) on the energy distributions of negative ions InO~
(m/z = 131), InO; (m/z = 147), SnO" (m/z = 134), and
SnO; (m/z = 150) in an ITO RFMS discharge (Gas pres-
sure: 0.6 Pa, discharge power: 100 W).
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Fig. 11. Energy-integrated intensities of negative ions (O,
0; ,InO, InO; , SnO, and SnO; ) in an ITO RFMS dis-
charge at different auxiliary anode voltages from 0 to
+50 V (Gas pressure: 0.6 Pa, discharge power: 100 W).
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Fig. 12. Radial distributions of IEDFs on the substrate sur-
face under different auxiliary anode voltages from 0 to
+50 V during ITO RFMS discharge (Gas pressure: 0.6 Pa,
discharge power: 100 W).
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Fig. 13. Radial distributions of plasma potential V,, and
electron density ne near the substrate surface under auxili-
ary anode voltage Vypa =0V during ITO RF magnetron
discharge (Gas pressure: 0.6 Pa, discharge power: 100 W).
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Ion energy distribution modulation in radio frequency
magnetron sputtering of indium tin oxide
via auxiliary anode bias”
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Abstract

Understanding the dynamics of ions in the magnetron sputtering process of transparent conductive oxide
(TCO) films is essential for clarifying the mechanisms of sputtering-induced damage and developing effective
suppression strategies. In this work, indium tin oxide (ITO) is used as a cathode target in an RF magnetron
sputtering system operating under pure argon atmosphere, and a positively biased auxiliary anode is introduced
to modulate the plasma potential and investigate its effect on the ion energy distribution functions (IEDFs) at

the substrate position. The ion energy spectra are measured using a commercial energy—mass spectrometer
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(EQP 1000, Hiden), and the plasma parameters such as potential and electron density are characterized using a
radio-frequency compensated Langmuir probe. The results show that the incident positive ions consist mainly of
Of, Ar", In*, Sn*, as well as multiple metal oxide molecular and doubly charged ions. Their energies are
determined by the combined effects of the initial ejection or backscattering energy of sputtered particles and the
plasma potential. Increasing the auxiliary anode bias leads to an elevation of the plasma potential, thereby
enhancing both the kinetic energy and flux of positive ions. In contrast, negative ions such as O~ and O,
originate predominantly from cathode sputtering, exhibiting broad, multi-peaked energy distributions that are
strongly influenced by RF oscillations of the cathode voltage and plasma potential, as well as relaxation effects
during ion transport. Heavier metal oxide negative ions (InO~, InO;, SnO~, SnO; ) respond more slowly to RF
sheath modulation, with their high-energy peaks converging toward the cathode bias potential. Applying a
positive auxiliary anode bias effectively reduces the cathode bias voltage, thereby suppressing the high-energy
tail of negative ions without significantly affecting their total energy-integrated intensity. This demonstrates
that auxiliary anode biasing provides an effective means for adjusting the ion energy distributions in magnetron
sputtering discharges. The proposed approach provides a potential pathway for mitigating sputtering-induced
damage and improving the structural and electronic quality of ITO films. Future work will focus on correlating
the measured ion energy modulation with comprehensive film characterizations—including optical, electrical,
and interfacial analyses—to further verify the physical mechanisms and evaluate the practical effectiveness of

damage suppression during TCO deposition.

Keywords: radio frequency magnetron sputtering, indium tin oxide (ITO), ion energy distribution, auxiliary

anode
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