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l. INTRODUCTION

Electron cyclotron resonance (ECR) plasma, with high density and rich activation radicals,
has been extensively used in the surface treatment processing of materials [1-4]. Additionally,
ECR plasma has been widely applied in ion sources and semiconductor processes as a result of its
relatively high degree of ionization in the low-pressure range in comparison with other conventional
discharges [5-8]. ECR plasma is also as a powerful plasma source for plasma immersion ion
implantation (PIID) because of its relatively high plasma density and less contamination in the
plasma [9-11].

Plasma immersion ion implantation has traditionally been conducted as ion implantation in
materials processing, but the modified layer is very thin due to the ion implantation energy
limitation. Moreover, the high voltage pulse modulator is expensive and the pulse duty cycle 1s
low, thereby making PIIl not suitable for the majority of industrial applications. IHence recently,
medium temperature (or medium-frequency) P11l has been developed to form a thicker modified
near-surface layer by combining thermal diffusion with ion implantation. The results of this
process with regard to nitriding of aluminum and austenitic stainless steel are quite promising [12-14].

In this paper, an ECR PIII device developed for the hydrogen ion implantation of silicon
excluding the high voltage pulse power supply will be described.  The plasma density is measured
with a Langmuir probe. The medium-frequency pulse power supply specially developed for
medium-temperature PIIT is also presented. The mcdium-frequency ECR PIII process enhances
diffusion and our experimental results to form a gradient transit-layer between the DLC coatings
and Ti-6Al-4V biomatenials are reported here.

il. ECR PIIl DEVICE

The schematic diagram of the ECR plasma immersion ion implantation (PIL} device is
shown in Figure 1. There are six major parts of this device: (1) microwave generator and
transmitted system:, (2) permanent magnets and auxiliary magnetic coils, (3) vacuum chamber
(including resonance cavity and sample chamber) and pumpmg system, (4) target temperature
measuring system, (5) target support, (6} medium-frequency pulse power supply.

The power of the microwave generator with frequency 2.45GHz is adjustable from 100 to
5000 W. The microwave produced by the gencrator is transmitted into the wave-guide. There Is a
coupling tuner on the wave-guide to monitor the incoming and reflecting micrO\J(ave power and the
coupling is adjusted by the stubs. The microwave mode is transformed from TE ) to TMp and
then effectively coupled into a resonant cavity through the quartz window. The resonant zone has
a complex shape duc to the multi-cusp magnetic configuration formed with the permanent magnets
and c¢lectromagnetic field produced by the cxternal coil current.  Furthermore, the rcsonant
location and zone can be changed relatively by varying the current in the auxiliary magnetic coils
on the bottom of the vacuum chamber to control the plasma in the resonant cavity.

The plasma generated in the resonant cavity diffuses into the sample chamber guided by the
magnetic field produced by the auxiliary magnetic coils. The other purpose of the guided
magnetic field is to control the plasma divergence in order to change the plasma density and
uniformity near the target.  The target temperature is monitored in-situ with an electrically-floating
thermocouple connected directly to the target.
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Fig.1. Schematic diagram of ECR PIII device

In our first expenment to test the new device, argon was selected as the working gas.  The
single and double Langmuir probes were used to measure the plasma density profile in the radial
and axial directions in the sample chamber. The plasma density profiles are shown in Figures 2
and 3. The plasma density uniformity is up to 85% within a radial diameter of 24 cm at Z =24 cm
in the sample chamber.

The relationship of the saturated ion current with argon working pressure and input
microwave power, are shown in Figures 4 and 5. As the electron temperature is almost constant in
the sample chamber, the saturated ion current on the Langmuir probe can be taken as the plasma
density to some extent.

)

o

B

[

Plasma density (10e10 cm-3)
- w

=

10 12

o
ra
o
(]
<o

Radius {cm)}

Fig.2. Relationship of plasma density profile with radius for three locations in the Z direction: Input microwavc
power 800 W, argon pressure 5x 107 Pa, coil current 50 A.
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Fig. 3. Plasma density profile versus axial distance for » = 0: Input microwave power 800 W, argon pressure
5x107* Pa, coil current 50 A.
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Fig. 4. Saturated ion current as a function of argon working pressure
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Fig. 5. Saturatcd ion current as a function of mput microwave power

I1. MEDIUM-FREQUENCY PULSE POWER SUPPLY

A new medium-frequency square pulse power supply has been developed specifically for
this device. The circuitry of the pulse power supply is shown in Figure 6. It essentially consists
of high voltage transformer, IGBT, signal control, and protection circuit. The pulse duration and
repetition frequency are easily adjustable using the control circuit. The main specifications of the
power supply are:
maximum voltage 1.5 kV, repetition frequency 20-40 kHz, pulse width 15-30 ps. The ideal voltage
waveform is shown in Figure 7.

Signal control circuit

Fig. 6. Circuit schematic of medium-frequency pulse power supply
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IV. EXPERIMENTAL

Anncaled Ti-6Al-4V alloy 5 mm in thickncss was machined into disks 25 mm in diameter.
The samples were polished to a mirror finish using 0.03-pm alumina paste and ultrasonicaily
cleaned in acetone tollowed by alcohol for 10 minutes.

Medium-frequency ECR PIII was carmied out in the device described above. Firstly, the
samples were heated by the electrical heater installed in the target support to about 250°C before
pre-cleaning using argon plasma. The heater was then turned off, and the argon plasma was
generated m the resonant cavity and the 25 KHz pulse power supply with a maximum voltage of 1.2
kV was applied to the samples. This step was for pre-cleaning and also raised the sample
temperature to about 300°C.  This step made the starting temperature the same as the that in the
rest of the process.  Finally, the methane plasma was produced and a negative square pulse bias
was applied to the sample.  In order to keep the temperature relatively constant in the process, the
plasma density was adjusted by changing the coupling microwave power.

The treatment parameters were: base pressure 4x10™ Pa, methane working pressure 6x10°2
Pa, methane plasma density near the samples (1~4) x10'° em™, sample temperature 300+20°C,
maximum voltage -1.2 kV, repetition frequency 25 kHz, pulse width 20 ps, duty cycle 50%,
treatment time 90 minutes,

V. RESULTS AND DISCUSSION

The carbon concentration profile and chemical composition versus depth in the near surface were
charactenized by x-ray photoelectron spectroscopy (XPS). The carbon depth profile is shown in Figure 8.

Two regions can be observed, a decrease in the carbon concentration from 16% in the near
surface region and a local maximum with a carbon concentration of about 14% at 20 nm. The
buried carbon profile is believed to be due to ion implantation whereas the surface feature is a result
of plasma enhanced surface diffusion. It should be noted that it is more difficult to achieve deep
carbon diffusion compared to plasma nitriding.

XPS analyses of Ti 2p and C 1s binding energies were performed at two depths, 7.5 nm and
20 nm, and the spectra arc displayed in Figures 9 and 10, respectively. It can be observed that the
TiC phase exists at both depths, but there is more titanium oxidation in the diffusion zone.
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Fig. 8. Carbon concentration profile with depth
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Fig. 9. XPS binding energy spectra m Ti 2p region at the various depth: (A) 7.5 nm; (BB) 20 nm.

It is also evident that the relative TiC peak heights are quite different. Coupled with TRIM
simulation, the results suggest that only a thermal process occurs in the diffusion zone.
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Fig. 10. XPS binding energy spectrum in C 1s region at various depths: (A) 7.5 nm; (B) 20 nm.

VI. CONCLUSION

A novel ECR PHI device and medium-frequency pulse power supply have been successfully
developed and the main plasma parameters in the sample chamber have been measured. Our
results indicate that this device can produce denser plasma in comparison with other means and 1t is
easier to achieve plasma uniformity over a large area. Our preliminary results of the medium-
frequency microwave PII shows that if the treatment time is longer or the target temperature 1s
higher, it is possible to make the gradient transit-layer for DLC coatings on Ti-6Al-4V biomaterials.
It is thus a cost-effective method having a high industrial potential.
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