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The time-resolved probe measurements of the plasma parameters and the electron energy
distribution function are carried out in a unipolar pulsed dc magnetron argon discharge. The cathode
target is driven by the 20 kHz midfrequency unipolar dc pulses at three operating modes, such as
constant voltage, constant power, and constant current with the duty cycles ranging from 10% to
90%. It is observed that as the duty cycle is reduced, the electron temperature averaged during the
pulse-on period rapidly increases irrespective of the operating mode although the average electron
density strongly depends on the operating mode. The comparison of the measured electron energy
distribution functions shows that the electron heating during the pulse-on period becomes efficient
in the pulse operation with short duty cycle, which is closely related to the deep penetration of the
high-voltage sheath into the bulk during the pulse-on perio@0@5 American Institute of Physics
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Pulsed dc magnetron sputtering technology has been déangmuir probe, which is a tungsten wire of 0.05 mm
veloped in the last 10 years as a useful tool for the depositioin radius and 2 mm in length, was located on the discharge
of high-quality dielectric thin films:” Typically, these sput- axis at a distance of 70 mm from the tar§&tFor time-
tering sources are operated in the frequency range froffesolved measurements of probé characteristics, the box-
10 to 100 kHz and the duty cycles from 50% to 90% with car sampling technique was used with a commercially avail-
two operation methods of the unipolar and bipolar modes_p o probe data acquisiton systentPlasmart Ltd.

Some experimental observations of the temporal behavior %LPZOO@) This acquisition system has a minimum time

. 3— .
plasma parameters have been carried oulhese time- .resolution of 100 ngtrigger delay jitter less than 50 nand
resolved measurements have shown that the pulse operation

can give rise to the increase in the flux and energy of the ion maximum Samp"f‘g rate .Of 50 KS/S' For the triggering of
incident at the substrate, the increases of the average electr boxcar elect'ronu.:s, a tnlgger S|gnal from the pulge power
temperature and density over the cycle, and the possibility ofUPPly was fed into it. In this experiment, the sampling time
the existence of the energetic beam-like electrons during thef 1 #s was adopted for saving the acquisition time and the
pulse-on period. averaging of 200 times was carried out for each probe bias in
More recently, there has been concern about the pulserder to improve the signal-to-noise ratio. The probe voltage
operation with high voltagéfew kilovolts) and short pulse was swept in a range from —90 V to +10 V and the 1024
period(less than a few microsecondiue to the possibilities data points were recorded resulting in a completéchar-
of higher ionization rate of sputtered atoms and the improvedcteristic. The electron energy distribution functions were
target utilization and film quality-" In this work, time-  determined using the well-known Druyvesteyn method. The
resolved measurements of the plasma parameters and tBgcond derivatives of the probe characteristics were obtained
electron energy distribution functiofEEDF) at the vicinity by numerically differentiating the measured/ curves. The
of the substrate under the experimental conditions of Vario”ﬁlasma parameters such as the electron density and the ef-
duty cycles from 1.0 to 90%, and three operating modes A'factive electron temperature were obtained from the resulting
presented. In particular, we focus on the changes of the a “EDES® The initial ime t=0 was chosen as the time when

erage electron temperature and the electron energy distriby- :
tion function as the duty cycle is reduced such that the cathl{—he cathode voltage tumns on. The cathode target was driven

ode is driven by the pulse with a very short duration. by the 20 kHz unipolar pulse through a pulsed dc power
The detailed configuration of the type Il unbalanced pla-SUPPIy with the various duty cycles ranging from 10% to
nar magnetron chamber can be easily found elsewlere. 90% in three operating modes such as the constant-voltage
Argon was used as the discharge gas and the operating prégode (V-mode), constant-power mode(P-mode, and
sure of 3 mTorr was kept throughout this study. A cylindrical constant-current mod&-mode. Each operating mode is de-
fined as follows:
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energy probability functiod EEPH during the pulse-on pe-
riod when the cathode is driven with the duty cycle of 50%
at the constant voltage mode. Initially, the EEPF exhibits a
Maxwellian distribution with the low-energy electrons less
than 2 eV. We can find that the high-energy electron tail
rapidly grow up as time goes on after the pulse-on and then
the EEPF exhibits a bi-Maxwellian distribution consisting of
two electron groups over the pulse-on period. As elucidated
through our previous works in dc magnetron dischﬁr%)the
high-energy electron tail consists of the electrons that are
produced near the racetrack zone on the cathode and which
drift to the anode.

Figure 2 shows the waveforms of the cathode voltages
and currents for each duty cycle in three operating modes.
While the maximum cathode voltage at the pulse-on phase
rapidly increases in the constant-power and -current modes
as the duty cycle is reduced, it is almost constant in the

FIG. 1. Temporal evolution of the EEPF during the pulse-on period aﬁerconstant-voltage mode. In addition, the cathode current at the

initiating the pulse with the driving frequency of 20 kHz and the duty cycle

of 50%.
1 Ton
Veavg= — V,(t)dt= constant,
TonJ 0
in V-mode,
1 Tperiod
Peavg= — P.(t)dt = constant,
Tperiod” 0
in P-mode,

1 Tperiod
lcavg=—— I (t)dt= constant,
Tperiod’ 0

in C-mode, (1)

pulse-on phase rapidly increases in the constant-power and
-current modes with reducing the duty cycle, but it decreases
in the constant-voltage mode. The peaks of the cathode cur-
rents during the pulse-on and -off periods, which may be
caused by the instantaneous ion and electron flows to the
cathode due to the sudden evolution and collapse of the high-
voltage cathode sheath are observable.

Changing the duty cycle of the cathode pulse at three
operating modes, the time-resolved probe measurements
were carried out and the results are presented in Fig. 3, in
which the variations of the average electron denNity,qand
temperaturdl ., 4against the duty cycle are shown. Here, the
average electron density and temperature are defined as

Neavg:

1 Ton 1 Ton
= f Ne(Odt,  Teag= — f T(0dt, (2

TonJ 0 onJ 0

wherer,, is the pulse-on duration. Obviously, it can be found

where V(t), P(t), andI¢(t) are the instantaneous cathode that T, increases at all of the operating modes as the duty

voltage, power, and current, respectively, afdioq (=7on
+7,1) IS the periodic time of the pulse. HeYg,,,=-350 V,
Peavg™ 100 W, and cavg:0-3 A.

cycle is reduced. Especially, it changes exponentially at the
duty cycles less than 30%. On the other hand, the variation
trend of Ng,,q Strongly depends on the operating mode. Al-

Figure 1 shows the temporal evolution of the electronthough N4 decreases with reducing the duty cycle at the
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10 ———————————————+—+—+—— 6 energy electrons and the decrease of the low-energy elec-
710 | trons, also occurs in other operating modes.

1s As the duty cycle is reduced, the cathode voltage and

= 6x10™ current, and thus the delivered cathode power, at the pulse-on
g 5x10™ la ; phase rapidly increase in the constant current and power
= “ (3 modes as shown in Fig. 2. In addition, the cathode current as
e 4x107r vga well as the cathode voltage increases with reducing the duty
Z° a0 13 ,_3 cycle in the constant power mode. Therefore, the cathode
210 | sheath can expand more deeply toward the bulk during the

12 pulse-on period with reducing the duty cycle because the

1x10° electron density is almost same just before the pulse-on in

ol o vy two modes. On the other hand, since the electron density just

0 10 20 30 40 50 60 70 80 90 100 before the pulse-on becomes lower in the constant voltage
duty cycle (%) mode as the duty cycle is reduced, the cathode sheath can

o . expand more deeply toward the bulk during the pulse-on
FIG. 3. The variations of the average electron deisilysed symbolsand  harjnd with a shorter duty cycle. The deep expansion of the
the average electron temperature against the duty cycle in three operati h-vol hode sheath refl h ibili f th
modes: the V-modérectangular symbo)sthe P-mode(circular symbols gh-voltage cathode S eath reflects the possibility of the en-
and the C- modétriangular symbols hanced electron heating near the racetrack zone. Conse-
quently, the decrease of the population of the low-energy
it shows the increasing trend witglectrons and the increase of the hlgh—energy tail part of the
nEEPF at shorter duty cycle make the increase of the electron
temperature during the pulse-on duration.

constant-voltage mode,
reducing the duty cycle at the constant-power and -curre

modes.Ngaygin a pulsed discharge with short duty cycle is ; : )
even higher than that in a dc discharge. In this work, we investigated the effect of the duty cycle

In particular, allNea,qandTea,qshow the rapidly increas- of the cathode pulse on the plasma p_arameters in the pulsed
ing trends with reducing the duty cycle in the constant-magnetron discharges of three operating mode. We could ob-
current modeT, ., increases from 2 eV with the duty cycle Serve that as the duty cycle of t_he pulse is reduced, th_e av-
of 90% to 5.5 eV with the duty cycle of 10% arfd,.,q erage elegtron temperature rapidly increases irrespective 'of
increases from & 101/ cn? to 5.6x 101/ cnr?. Investigating the operating mode, although _the average electron density
the variation of the EEPF against the duty cycle, we can findtrongly depends on the operating mode. The measured EE-
out the cause for the increase T, with reducing the duty PFs show the decrease of the low-energy electron group and
cycle. The normalized EEPFs, which are well representativél€ increase of the high-energy tail part with reducing the
of the EEPF characteristics for each duty cycle in the conduty cycle, which reflects the enhanced electron heating after
stant current modéhat is, the effective electron temperature initiating the pulse with shorter duty cycle. From these re-
is most similar toT,,,9 are compared in Fig. 4. It is obvi- Sults, it is expected that a high-voltage pulse operation with a
ously found that the population of the high-energy tail part ofShort duty cycle can produce the high-temperature plasma
the EEPF increases, but the population of the low-energ§hat yields improved films quality by achieving a high ion-
electron group decreases as the duty cycles is reduced. Weation rate of the sputtered atoms.
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