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Plasma immersion ion implantation is a burgeoning surface modification technique and not limited
by the line-of-sight restriction plaguing conventional beam-line ion implantation. It is therefore an
excellent technique to treat interior surfaces as well as components of a complex shape. To enhance
the implant uniformity and increase the thickness of the modified layer, we are using a high
frequency, low-voltage process to achieve high temperature and dose rate to increase the thickness
of the modified layer. The low voltage conditions also lead to a thinner sheath more favorable to
conformal implantation. In this article, we will describe our special modulator consisting of a single
ended forward converter with a step-up transformer. The modulator is designed to operate from 5
to 35 kHz and the output voltage is adjustable to an upper ceiling of 5000 V that is deliberately
chosen to be our voltage limit for the present experiments. We will also present experimental data
on SS304 stainless steel materials elucidating the advantages of our modulator and high frequency,
low-voltage experimental protocols. @999 American Institute of Physics.
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I. INTRODUCTION variation in the implanted argon concentration can be as high
Plasma immersion ion implantatidilll) is a fledgling as a factor of 6 depending on the process paramétérs.

technique to modify the surface of materials and industriafX€cent theoretical and experimental dathave demon-
componentd? It has a number of advantages over conven-Strated that the thinner sheath achievable at a lower implan-
tional ion beam ion implantatiofiBll ) such as high through- tation voltage improves the lateral uniformity, but the thick-
put and no line-of-sight restriction. The surface properties of’€ss of the treated layer is compromised.
many low-alloyed and microalloyed steels, stainless steel, The implantation depth by PIIl is usually smaller than
tool steel, etc. have been successfully improved using®Plil.that by IBII using beam-line ion implantation. Hence, it is
One of the biggest advantages of Plll over IBIl is the relatively difficult to achieve a modified layer that is thick
ability to implant objects possessing an irregular shape withenough for real engineering applications. The reason is that
out beam rastering or target manipulation. However, the dosthe implantation voltage in Plll is impractical above 100 kV
uniformity may be less than desirable especially when treatdue to expensive instrumentation and arcifids an alter-
ing interior surface$-® Theoretically, conformal implanta- native, Plll can be carried out at an elevated temperature to
tion can be achieved when the ion sheath is completely corincrease the diffusion depth of the implanted species. Previ-
formal around the target, but in practice, it is seldom the casgus work has demonstrated that elevated temperature PIII
due to the irregular shape of most real objects. Besides, thgT-piil) works well for ferrous materials. The enhanced
corners and edges pose a special challenge since the loG@rogen diffusion increases the thickness of the modified
sheath is especially nonuniforfrit has been shown that the materials and results in surface hardness and wear resistance

lon 'mPaCt angle near a corner 1s oblique and the ion ﬂuximprovement superior to those achieved by conventional
which is enhanced above its planar value, peaks close to bl')é” 13-15

not at .the corneff’.Consequen_tly, dose nonunlformlty and Interestingly, recent repoffshave shown that the im-
sputtering that affects the retained dose are quite severe, al

. . o ; antation voltage in ET-PIIl may not be very crucial be-
samples with sharp edges will exhibit considerable latera . . . .
cpuse different implantation voltage does not lead to a big

dose variation. For samples with a wedge shape, the later . .

P 9 P 3|fference in the surface hardness or wear resistance of the
treated materials. Therefore, there are technical reasons fa-
dpresent address: Advanced Welding Production & Technology Nationa{,oring the use of a low implantation voltage, although high-
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FIG. 1. Schematic of the high frequency, low-voltage modulator. protection output 47kQ o
uptake or implantation through a surface layer. In order for FIG. 2. Drive circuit of IGBTs with IC EXB840.

low energy Pl to work, the implantation current must also

be high. The high ion flux elevates the sample temperatur

and promotes fast diffusion of the implanted species to attaiﬁje,ICJaOI is obtained during the on state of the switching
a thicker modified layet”18Hence, it can be envisioned that device. For the flyback converter, on the contrary, the power

a high frequency, low-voltage plasma immersion ion implam-supply provide_s the energy with th_e load during the (.)ﬁ state
tation process will be suitable for the implantation of interior ©WINg O the difference in the polarity of these two coils. The

surfaces or samples of an irregular shape. The high frer_naximum duty cycle of 50% for a single-ended forward con-

guency raises the dose rate and consequently the sample telprter Is not a shortcoming, as high frequency implantation is

perature. Coupled with a low implantation voltage that re_usuaIIy coupled with small pulse widths. It is more desirable

duces the sheath thickness, the lateral implant uniformity ifo use a short mplarjtatt)lon pulse t? alloﬁ ample time forl
samples of a complex shape can be improved. It is apparemasma recuperation in between pulses. However, an auxil-

that high frequency and low-energy are interdependent, and"y transformer core reset supply is required to attain the
both parameters must be optimized to yield satisfactory re(-)ptImal pulse transformer performance because of demagne-

sults. In this work, we concentrate on high frequency pulsingt'z_'!1g dunng th_e off cycle (_)f the switching device. Thus, we
at an implantation voltage less than 5 kV. Our newly deveI-Ut'I'Ze a variation of the single-ended forward converter by

oped power supply and its characteristics are also presenté’d"'ng two switching dewces_ and two diodes, as shown in
in this article. Fig. 1. The advantage of this arrangement stems from the

fact that the IGBTs are subject to only half the maximum
Il. HIGH VOLTAGE PULSING voltgge in comparisorj with the circuit using only a switching

device, i.e., onlyV, instead of twoV,s. Moreover, the

There are two primary methods to generate high-voltag@ower transformef (including T1, T2, T3, T4 requires no

pulses. The first means is to employ an on—off switch toreset winding and is thus simpler. The circuit operates in the
control the voltage. The second one is to use a switch ifiollowing mode. When the drive signals are imposed on the
conjunction with a pulse-forming netwofRFN) to generate  two IGBTs (IMBH60D-100% at the same time, they are
the pulses. Both methods can be combined with a step-Ufyrned on simultaneously. The primary current flows from
transformer to attain the final required voltage. Generallw/Q through IGBT1, the primary winding of, and IGBT2.
speaking, switching pulse generators are more suitable ang this period, a back voltage is induced in the primary wind-
common in PIIIX*?° A survey on the high-voltage pulsing ing, and the forward converter transfers the signal to the
technology, including different pulse generator principlessecondary side. The diode group D3 conducts, and the cur-
and requirements, can be found elsewHeror lower volt-  rent is delivered to the sample to carry out ion implantation.
age and peak power applications, solid state modulators af/hen the drive signal is negative-6 V), both switching
usually better. The switching device can be made of coOmpoiGBTs are turned off. Since an abrupt interruption of the
nents from any high power device family. A comparison of primary current off produces a high induced voltage, a path
their operation characteristics indicates that the IGBT iSs provided for the decay of this current and demagnetization

more desirable for the low-voltage, high frequency Pl pro-of T through diodes D1 and D2. To demagnetize completely,
cess.

IIl. PULSE GENERATOR DESIGN TABLE |. Properties of EXB840 drive device for IGBT.

A. Main power circulit Specification Rated value
To satisfy the requirements of high frequency, low-  Power supply voltagév) 25

energy PIIl, we use a single-ended forward converter as our g‘é’:;r‘;‘igi”\fo?gg;\'/”)”er optocouplémA) ;05

modulator due to its lower power. A forward converter re- \y ying surface temperature (°C) —10-+85

quires the polarity of the primary coil of the transformer to  storage temperature (°C) —25_4125
be identical to that of the secondary one, and so the energy et
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FIG. 3. Voltage wave forms for different plasma densiig): without plasma(b) low plasma density, an¢t) high plasma density.

Ton, Must be smaller thafi ., otherwise the IGBTs will be sharp voltage surge of the collectors of the IGBTs. For the
damaged owing to the failure of the transforrier. IGBTs of 1BMH60D-100, anR, of 25 ) is selected to

A rectified ac line voltage with sequential filtration is achieve a more abrupt voltage change in this modulator. The
used to supply the power to the circuit. Voltage step up isEXB840 is composed of an amplification circuit, an over-
thus necessary to attain the required high voltage. We utilizeurrent protection circuit aha 5 Vreference voltage circuit.
four transformers with a ratio of 1:4 each. They work in two The primary signal source is a commercial TL494 device
modes and in a synchronous manner. The first mode is th@roducing two 10 V signals with a duty cycle below 50% to
the primary coils operate in parallel and the secondary windmeet the requirement of transformer demagnetization. They
ings are connected in series. Thus, a 310 V dc input cafontrol the output of the module EXB840. Pin Nos. 3 and 1
produce a 4960 V pulsed ac output to the plasma load. In thef EXB840 give a square wave pulse ef5 to +18V to
second mode, the secondary coils work in parallel to increaseontrol the IGBTs. Thet 18V signal is used to switch on
the capacity. However, the transformation ratio is limited tothe IGBT and the—5V signal can effectively prevent the
1:4 to reduce the distributed capacitance because it is pranisconduct during the off time. The EXB840 provides over-
portional to the square of the ratio. The design and manufacurrent protection for the IGBTs. When the IGBT sees all the
turing of the transformers is very crucial, as they determinecurrent,V . of the IGBT will increase immediately to cut off
the output characteristics of the modulator and safe servicdéhe diode ERA34-10 and electrically float pin No. 6. The
Although the maximum output voltage of each transformer igpotential on pin No. 3 finally decreases thereby cutting off
only about 1 kV, the required voltage should be more than 3he IGBT gradually. All the steps are automatically con-
kV. In our engineering design, the voltage is 10 kV. In ad-trolled by the inner circuit of the EXB840. Special attention
dition, the high frequency working condition needs specialmust be paid to ascertain that the drive circuit is composed of
consideration on the diameter of the coil wire due to the skirfhree independent power supplies, one for the signal source
effect. The number of turns on the transformer windingsTL494 and two for the EXB840 modules.
should be reduced so that the modulator can achieve abrupt
voltage variation to ensure monoenergetic implantation. Thgy RESULTS AND DISCUSSION
main circuit is designed to operate from 5 to 35 kHz. The
output voltage is adjustable to an upper ceiling of 5000 V To evaluate the performance of our modulator and effi-
that is deliberately chosen to be our voltage limit for thecacy of the high frequency, low-voltage PIll process, experi-
present experiments

0.5 0.25
B. Drive circuit 0 ! Sty 0
i . o L 05 | -0.25
To accomplish satisfactory switching behavior in the
IGBTS, particular attention must be paid to the drive circuit. E g 108 <
A special integrated circuifiC) is used to ensure that the + -5 | Current {075 z
generator works safely and reliably. The schematic of the § -2 1
drive circuit is displayed in Fig. 2. Its core is the drive mod- S 5 | 4250
ule EXB840?2 which is a high-speed drive device and suit- 5 Voltage 15
able for 40 kHz working conditions. The inner circuit uses an i o
optocoupler to separate the input signal from output signal so 3% 75
that the EXB840 can be directly used to drive the high- -4 -2

voltage devices. Its optimal working conditions are shown in

-5.00E-

Table I. Our experiments show that 1BMH60D-100 can be 05
damaged if a high drive voltage is applied and a lower drive

voltage can give rise to a bigger on-state voltage drop. Thg

Time(s)

0.00E+0 5.00E-05 1.00E-04 1.50E-04 2.00E-04
0

IG. 4. Output voltage and current wave forms of the generator. The work-

val_ue_ ofRy also has a big influence on the_operating charaCing conditions are: 2.5 kv implantation voltage, 5@ duration, and 8.5
teristics of the IGBT. A propeR, can effectively reduce the KHz.
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TABLE II. Experimental conditions and results. observed that the ion sheath stabilizes very promptly when
the voltage is low. This leads to better dose uniformity.
Implant Pulse Pulse  Implant SS304 inl | . d .
voltage frequency duration time Microhardness stainless stee _spemmens wgre treated using our
Sample (kV) (kHz) (9 (min)  HV (50 g load newly developed modulation and the high frequency, low-
voltage process. The experimental conditions and results are

; Un'mf!;med . 20 200 2382 displayed in Table Il. The hardness measurement of the
3 20 8.5 30 200 320 treated and unimplanted samples was carried out on an HX-
4 35 5.0 50 200 380 1000 microhardness tester. The relationship of the micro-
S 5.2 1.0 35 200 270 hardness with the applied load is depicted in Fig. 5. There is

a discernible improvement in all the treated samples and the
maximum improvement is observed to be more than 60%
ments were performed on SS304 stainless steel samples. Thgh a 25 g load. It is evident that the greater the applied
newly designed generator was first connected to the samplgad, the smaller the hardness value. In particular, the sample
stage of our PIIl equipment that has been described in detajteated at 3.5 kV demonstrates the most dramatic hardness
elsewheré."* During installation of the hardware, the elec- improvement, and the microhardness with a test load of 500
trical distribution parameters were reduced as much as pogyis higher by 30% than that of the unimplanted sample. This
sible, because high frequency and high-voltage operatiofhdicates that the modified zone using the high frequency,
conditions might amplify these parameters and damage th@w-voltage process is much thicker than the implanted
converter. The distributed inductance and capacitance of th@yer. In comparison, in spite of the high implantation volt-
transformer affect the output voltage wave form shown inage, the microhardness of sample 5 is lower. Its hardness is
Fig. 3. It was observed that oscillation of the voltage waveopnly slightly higher than that of the unimplanted sample and
form without a plasma load was very severe leading to 3t can be attributed to the lower implantation dose rate and
voltage peak that was higher by a factor of 1.5. When thesybsequently lower temperature. Therefore, it can be inferred
plasma was ignited using nitrogen glow discharge, the oscilthat substantial diffusion has taken place during the high
lation peak value gradually decreased. Eventually, the OSC”ﬁ'equency and |0W_Vo|tage Pl Step due to the h|gh ion flux
lation was nearly damped out and the voltage rise time in-(consequenﬂy high temperature, 300 °C) and radiation in-
creased significantly when the plasma density was highegyced diffusion. The results confirm the benefits of our pro-

The reSiStOlRl pa.ra."6| to the diode group influences the fall cess and that our modulator works as designed_
time of the wave form, and more importantly, it can be used

to obtain a positive voltage to attrac_t electrons to hea§ t.h%\CKNOWLEDGMENTS
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