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ABSTRACT ion bombardment of a growing film is to vary the biasing

. . . . . voltage. The statement is correct if the substrate biasing does
DC reactive sputter deposition of dielectrics can be done usin A .

) t redistribute plasma near the substrate and the substrate is
dc power pulsed in the range of 5-350 kHz. Although pulsed . o "

. : . -neither an additional anode, nor a cathode of an additional

dc reactive sputtering (PDRS) does not solve the disappearin :

: . o . w discharge.
anode problem, it provides a deposition process witho
arcing. Pulsing pla_sma create_s unusual cond_ltlo_ns at ”t’?c biasing works only for electrically conductive films. In
substrate, and requires a special approach to biasing. In this

work, plasma properties, as well as substrate effects undte.e pulsed DC sputtering of dielectrics, biasing is accom-

various biasing conditions, were investigated. Deposition OEP:ECvend tkkgt f;ppllylinng plﬂfsee% DD((:: %?;?r: [Si)r-isr](.)\:te:zibbse'}(zg-
alumina is used as an example of PDRS. bpiying p g imp

tially the quality of various thin films. In spite of many
valuable experimental results obtained, several questions
remain. What are, for example, biasing parameters such as
Pulsed DC reactive sputtering is an established technology frequency and phase shift, duty cycles, range of voltage
sputter-deposit dielectrics [1-7]. This technology, even thougbulses, etc., vs. the same for the magnetron?

it does not solve the disappearing anode problem [8], creates

non-arcing conditions for reactive sputtering of dielectricsPulsed DC biasing can be considered, in the first approxima-
[7]. The structure of sputter-deposited thin dielectric filmstion, an alternating (positive and negative) DC biasing. It
depends on the energy delivered to the growing film. Thiseemed useful, therefore, to include its exploration into our
energy is supplied to the film either by heating the substrateork on the pulsed DC bias. In this first part of our work, the
and/or by bombardment of the growing film with neutral andfocus was on the effect of biasing on the magnetron plasma,
charged particles. Heating, required for getting dense strucomparison of DC and pulsed DC biasing conditions, and
tures of various dielectric films, lies very often in the range oformulation of a number of biasing parameters for pulsed DC
many hundreds of degrees C, and is not always desirable.reactive sputtering of dielectrics.

INTRODUCTION

In reactive sputtering, a growing film is bombarded by enerEXPERIMENT TECHNIQUE

getic (neutralized and reflected from the target) particles, a . : . .
by much less energetic sputtered atoms of the target materi periments were done in a box-coater, equipped with a
Siffusion pump, at a base pressure of about 2.5F8) An

The |n'FenS|ty O.f. this bombardment is determined by th.(?-|RC-873 planar magnetron (BOC Coating Technology) was
sputtering conditions, mainly by power and pressure. In Spltreﬁodified to have an unbalanced magnetic field (Figure 1).

_of_apparent simpli_city of varying these deposition parameter%dvanced Energy Industries, Inc. pulsed power supplies were
it is not necessarily the best way to control the energy flux.used to power the magnetron kMDX-lO combined with Sparcle-
If the substrate is conductive, and the film is either conductiv\ég)\zg(rj ;3:3;?;;3\?5:??3?%3 afhf:g:;tlar?: (:)Omré?agrlevz:; Sg)e
or thin, the growing film is also bombarded by ions that are odes, power in the range 0.5-2 KW, and voltage in the range

extracted from the plasma surrounding the substrate a : .
accelerated by a biasing voltage. lon current to the substrate |é300 volts. Frequencies applied ranged from 20 to 350 kHz,

. . .. with various reverse times. A digital oscilloscope, Tektronics
determined by plasma density near the substrate, which,
. o , S 3034, was used to record cathode and substrate voltages
turn, depends on the usually fixed magnetic field configura-

tion of the magnetron (balanced/unbalanced) and the powgpd currents, registered by Tektronics differential voltage

. o robes (P5200 and P5205) and Tektronics current probes
supplied to the magnetron. The last one is fixed by the chosfrllcp 202 and A6303 with A503 amplifier)
deposition rate. Thus, the best way to control the electron and P '
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strate currents, but VV_and V, are respectively anode,
cathode and substrate voltages. The first equation precludes
substrate from functioning as an additional anode; i.e., what-

o ever potential is applied to the substrate, its current should be
Pulsed D much less than the anode current. For that, the substrate
pavrer potential should be more negative than the anode’s (Equation
i 4 %j_‘[ | I 2). When a negative voltage is applied to the substrate, it is
= m j’“]: working as a second cathode (in a Townsend-type discharge),
Chrent Valtaze and collecting an ion current on the order of a tenth or less of

i e | mA/cn?. But if the Equation 3 is not satisfied (case of a

. . - substrate biased by a very high negative potential) an addi-
Figure 1: Experimental set-up of deposition system fofipnal discharge near the substrate could be initiated, and the
reactive pulsed DC sputtering with DC and pulsed DC biasingslasma density near the substrate could be changed.

Plasma parameters were measured using a Langmuir probe
(Scientific Systems SmartProbe). Time-average Langmuir
probe measurements were done at 2 cm above the substrate.
Substrates used were stainless steel and glass.

Methodology of the non-conducting substrate,(8) inves-
tigation was the following. A layer of aluminum (2-kA thick)
was initially deposited on the glass samples. Subsequently,

this layer was connected to the biasing power supply, and o=

. . Biasing
layers of alumina deposited on top. Substrate and magnetron Substrate Jl L powr | 100
currents and voltages were measured at time intervals corre- ogpry LY

sponding to the defined thicknesses of the coating. During this
process, the DC or pulsed DC was applied to the growingigure 2: Schematic of the electrical circuitry of a pulsed DC
substrate. reactive sputtering system.

The ALQ, thin films were prepared with a 99.999% Al target

and 99.995% pure argon and 99.98% pure oxygen gases,Tat verify that in pulsed DC reactive sputtering with a conduc-

4 mTorr pressure. Refractive indices of theQjlfilms were  tive substrate the appropriate biasing conditions exist, we
characterized by using AutoEL Il ellipsometer at the wavehave measured time-averaged plasma parameters (density
length of 632 nm. The film thickness was determined via thand electron temperature) in the immediate vicinity of the DC

Tencor stylus profilometer and/or the ellipsometer. or pulsed DC biased substrate, with a Langmuir probe. Rep-
resentative results, for plasma density and electron tempera-
RESULTS AND DISCUSSION ture, are plotted respectively in Figure 3 and Figure 4. They

show that, within the limit of error, plasma parameters do not

. . . . ... _depend on the biasing, if the absolute values of the negative
Appropriate biasing conditions could be defined as Cond'tlonfrerl)ative 0 the groun?j) voltage exceed 30-60 V. So ig the

under which biasing provides controlled ion bombardment o e
the substrate, but does not influence the magnetron dischargra‘?e‘me from -60 V10 -300 V of the biasing voltage, we have had

i.e., it does not redistribute substantially the plasma created mdproprlate biasing (;ondllnons. The plasma density wasin the
range of (3-5) x10cnt3, while electron temperature was in the

the discharge and used as a source of ions. Such conditions are .
. ) range 3-5 eV. These values are typical for low-power unbal-
created when (Figure2):

anced magnetron plasma.

Biasing Conditions
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5 applied to the substrate, the substrate was collecting mainly a
ey steady ion current whose absolute value was much less than
= 43 the cathode current. These ions were extracted from the
i plasma surrounding the substrate. As the biasing voltage
w3 became less negative (-60 V and then -20 V), the substrate
g 3 él e 20KHE 10k Bl 100 K, 4.5 ke current absolute values decreased. Dur?ng_ the off-time, the
3 - BHZ’ — ’Bm]_ng: A ;_5 ot substrate current also_decreased as the b|a3|r_19 yoltage became
E | ——— l-cHz: i3 mk’s,_ Bissing: D : | less negative. But during t_he_z _0ff-t|me, at all biasing voltages,
E % 60 LHs, 5 mks; Bising: DC there was also a strong initial current peak followed by a
i . . . . . . steady current decay with one or two time constants. The
1] S0 100 150 200 250 200 350 strong initial peak decayed in aboutid or less.
Biasing woltage (V) 1 ok 0.04
Figure 3: Plasma density measured near the substrate st 0.5 —+—Is,-20VDC Lo
versus DC _and pulsed DC biasing voIt.age at different m = 0 _‘f_ :: :ggOVVDSC <
power pulsing frequency and reverse time. E . -0.04 %
= =)
3 5 008 3
% 4 R R % -1 §
o 2 : 0.12 &
g 3] * Z
= 2 -0.16
g ol —& 20kHz 10mbs; Binsing: 100 KHz, 4 5ok
*E —d— 60bHz, 5 mhs; Biasing: 100 kHz, 4 5 mhs 2.5 -0.2
g 1 +—— —= 20KHz 10mks; Biasing: DO — 0 5 10 15
é — 60kH, Smhs; Biasing: DT Time, ps
. 0 5:] IE:IZI lf:lil EE:III Ef:lil 3E:III 250 Figure 5: Oscillograms of cathode current and substrate

Rissing siliagsih currents recorded at different DC biasing voltages.
Figure 4: Electron temperature measured near the substrate ) _ )
surface versus DC and pulsed DC biasing voltage at differefuring the off-time plasma is decaying and the substrate

main power pulsing frequency and reverse time. current is decreasing. The obtained strong initial peak is
related to the substrate conditions. At the beginning of the off-

time, the substrate becomes suddenly (voltage switching
Plasma density increases, while increasing the absolute vaiMe) the only one negatively charged electrode in the plasma.
ues of negative voltages from zero to about -60 V, werd herefore, the |n|t_|al substrate current peak could be_ very
observed in a few cases (Figure 3). At these voltages, tﬁgrong, and sotheion cgrrentthroughfthe substrat_e, during the
substrate can still be working as an additional anode, arfff-time, can be even bigger than during the on-time.
therefore, cause some plasma redistribution near its surface

(anode effect) [14]. The decrease in the absolute values of the substrate current,
while the biasing voltage becomes less negative, could be due

DC BIASING to a decrease of the ion current itself, or an addition of electron
current. Atlow negative biasing voltages, the negative voltage

Conductive Substrate and Film between the substrate and plasma could be insufficient to stop

Pulsed DC biasing can be considered, to afirst approximatiog)| electrons from reaching the substrate. Average substrate
an alternating negative and positive DC biasing. Therefore, #yrrent measurements vs. biasing voltage support this conclu-
makes sense to start the analysis of the pulsed DC biasing Wifbn (Figure 6). At 0 V (substrate was grounded and worked
the analysis of DC biasing while the magnetron is run bys an anode) the electron current to the substrate was on the
pulsed DC power. order of 0.5 A. Thus, at low negative voltages, the substrate
was still collecting some electron current. In the range from
Typical oscillograms of cathode current and substrate cut10V to about-30 V, a biasing voltage could be found at which
rents, at different DC biasing voltages, are shown in Figure 3he total current to the substrate would be zero (electron
The oscillograms were recorded using a conductive substraggrrent is equal to the ion current). At about -60 V and more

and conductive film (steel substrate and Al film). During thenegative voltages, the substrate showed characteristics of a
on-time, when the discharge was stabilized and -100 V wagathode in a Townsend discharge.
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Figure 6: Average substrate current versus DC biasingigyre 8: Average substrate currents versus DC biasing
voltage. voltages for a grounded and biased to -100 V substrates.

The electron current heats the substrate (as it heats the ano@q)y Sep DC BIASING
Such substrate heating could be undesirable. If this is the case, _ _ _
the DC biasing voltage should always be more negative th&ronductive Substrate and Conductive Film

30 V= -50 V. Oscillograms of the cathode and substrate currents, using two
different pulsed DC biasing frequencies, are shown in Figure
Conductive Substrate and Non-Conductive Film 9. In both cases, pulsing DC biasing voltage was applied to a

Deposition of an AD, film on a conductive aluminum sub- conductive substrate covered with a conductive film (steel
strate results in covering it with a non-conductive coatingSubstrate and Al film). DC biasing was pulsed from -100 V to
When biasing voltage of -100 V was used, the ion currerbout +10V. When the discharge is on (on-time), and the
through the substrate was diminishing with increasing thickbiasing voltage is negative against the ground, an ion current
ness of the alumina coating (Figure 7). Eventually, when & impinging on the substrate. This currentis smallin compari-
thicker film was deposited, the current through the substraf©n With the cathode current. When a small positive voltage is
changed its sign and became mainly an electron current. TH§plied to the substrate, alarge electron current passes through
could be due to the well-known effect of a self-biasing film-it. The substrate is working now as an additional anode having
capacitor. Similar variations of the substrate current with th@ Potential even higher than the “regular” anode (chamber
thickness of alumina coating were obtained when an averayélls). The electron current is heating the substrate in the
current was measured (Figure 8). When a thicker film wag@me way as it is heating the “regular” anode. When the
deposited, the current through the substrate changed its sigi§charge is off (off-time), and the biasing voltage is negative
and became mainly an electron current. This could be due @gainst the ground, a decaying ion current is collected by the
well to the effect of a self-biasing film-capacitor. substrate. During the off-time, when a small positive voltage
is applied to the substrate, a large but decaying electron
current passes through the substrate and results in its addi-
tional heating up.

s, 0

s, 1080 A

Cathode current, A
Substrate current (mA)

Figure 7: Oscillograms of cathode and substrate currents
recorded at different thicknesses of alumina layer on the
substrate. DC biasing voltage: -100 V.
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CONCLUSION
Time, ps
Experimental data obtained in this work indicate that biasing
Figure 9: Oscillograms of cathode and substrate current®C or pulsed DC), within the above-described limits, does
recorded at different pulsed DC biasing frequencies andot affect the essential plasma properties, like density and

reverse times. electron temperature, in the vicinity of a substrate.

DC biasing results show that when the substrate bias is
If substrate heating has to be reduced, the substrate biasinggative (V< 0), a small ion current flows through the
voltage should be negative during the on-time. It means thaubstrate. If the substrate bias is positivex@®), the substrate
pulsed DC voltage applied to the magnetron and pulsed Dis working as an anode and a huge electron current passes
biasing should be fully synchronized: frequencies should bghrough it.
the same and the phase shift should be zero. If synchronization
is used, during the off-time the biasing voltage could still beThe following applications of pulsed DC biasing in plasma
negative in order to collect only ion current from the decayingrocessing were arrived at:
plasma. This depends, however, on the necessity to dischargelf only ion bombardment but no electron heating is desired
a dielectric coating if such one is being deposited on the (which is the case of the temperature sensitive substrates),

conductive substrate. then:
e Substrate should be always negative with respect to
Conductive Substrate and Non-Conductive Film plasma; pulsing should be between about -20 and -100

Atypical oscillogram, obtained from the pulsed DC biasing of VDC
a non-conducting sample, is shown in Figure 10. Substrate « Power supplies of the magnetron and the substrate
currents, at two different thicknesses, are compared in the  should be synchronized (they should be in-phase, and
figure. The same effect, as we have seen in the DC biasing, have the same frequency).
manifests itself here—values of the current decrease with the If ion bombardment and heating are desired, then:
increasing thickness of the deposited alumina. They approach « Substrate bias should be pulsed in the way similar to
the floating substrate conditions of the dielectric-capacitor. pulsing the magnetron power: between the ground or
This case is still under investigation. small positive voltage and about -100 V or higher
< Synchronization of the power supplies should be avoided,
and asynchronous mode, with optimized frequency and
duty factor, should be applied.
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