
REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 70, NUMBER 2 FEBRUARY 1999
Gridless ionized metal flux fraction measurement tool for use in ionized
physical vapor deposition studies

T. G. Snodgrass, J. H. Booske, W. Wang, A. E. Wendt, and J. L. Shoheta)

Engineering Research Center for Plasma-Aided Manufacturing, University of Wisconsin–Madison,
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Ionized physical vapor deposition is a technique for sputtering metal into small trenches, by ionizing
sputtered metal atoms so that their trajectories can be controlled by electric fields. To this date no
one has quantified exactly what fraction of the metal vapor is ionized, although the trends of how
ionization varies with input parameters is known. This article describes and demonstrates a new
quartz crystal microbalance design, which can be used to measure the ionized metal flux fraction
arriving at the substrate location. Instead of using grids to repel ions as similar devices do, this
analyzer works by applying a voltage bias to the front surface of the crystal in order to repel ions.
A magnetic field adjacent to the face limits electron current to the microbalance, minimizing its
perturbation of the plasma. The measurement tool described in this article does not suffer from
complications caused by placing grids in front of the monitor and is an attractive method for
characterizing ionized physical vapor deposition systems. Ion and neutral metal fluxes as a function
of ionizer power are presented for an argon/copper discharge. ©1999 American Institute of
Physics.@S0034-6748~99!03701-6#
ro
em
o
he

s
to
fe

tte
ur

ob

in
sm

a
l a
tu
a
pe

o
th
ep
r

st
iti

e

etal
on
r.
b-

ing
ith
he
ss-

stal
an

rate
nce
tly
a
In
d to

a-
mit
ed-
th,
g
nce

s

I. INTRODUCTION

Magnetron sputtering, a physical vapor deposition p
cess, has been widely used to deposit metal layers on s
conductor wafers. The deposition process, using magnetr
results in a very broad angular velocity distribution of t
depositing atoms and can result in very uniform planar film
However this process has difficulty in depositing films in
deep structures. As the feature size on semiconductor wa
decreases, the aspect ratio~depth/width ratio of a feature!
typically increases. Using conventional magnetron spu
deposition in this case, results in a closing off of the feat
and the formation of a buried void.

Ionized sputtering addresses the filling or coating pr
lem in the following manner:~1! the metal is sputtered from
a sputtering target as in conventional magnetron sputter
~2! The metal vapor passes through medium density pla
where it is partially ionized.~3! The partially ionized vapor
deposits anisotropically on the substrate. The ions, being
celerated across the plasma sheath, are highly directiona
deposit at nearly equal rates on the bottom of a deep fea
and on the main surface of the wafer. The neutral atoms h
an isotropic distribution and deposit more metal on the up
side walls of a feature and less on the bottom.

A metal vapor which is substantially ionized fills1–4 or
coats5,6 high aspect-ratio features much better than does c
ventional physical vapor deposition. A measurement of
fraction of the deposition flux that is ionized is a critical st
in the optimization of this process. The purpose of this wo
is to demonstrate a new design for a simplified quartz cry
microbalance that offers superior measurement capabil

a!Electronic mail:shohet@engr.wisc.edu
1520034-6748/99/70(2)/1525/5/$15.00
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of the ionized metal flux fraction, i.e., the fraction of th
depositing metal flux that is ionized.

A. Methods to measure ionized metal flux fraction

Several researchers have measured the ionized m
flux fraction deposited by ionized physical vapor depositi
primarily with the aid of a gridded-energy analyze
Yamashita7 used a gridded energy analyzer in front of a su
strate, biasing the grid to either repel or admit ions. By us
profilometry to compare the deposition rate for samples w
only neutral deposition to those with neutrals and ions,
was able to determine the ionized metal flux fraction. Ro
nagel and Hopwood8,9 used a fullyin situ method where they
placed a gridded-energy analyzer in front of a quartz cry
microbalance. Similar to Yamashita’s method, the grids c
be biased to either admit or repel ions, but the deposition
is measured in real time with the quartz crystal microbala
to determine the ionized metal flux fraction. Most recen
Greenet al.10 used a three-grid energy analyzer in front of
quartz crystal microbalance for similar measurements.
their apparatus, the quartz crystal microbalance was biase
the potential of the substrate.

B. Disadvantages of gridded-energy analyzer

There are several difficulties with gridded-energy an
lyzers, which can complicate the data analysis and li
when a gridded-energy analyzer can be used. A gridd
energy analyzer is not effective when the Debye leng
lDe[(e0kTe /ne2)1/2, the characteristic length for shieldin
of potentials in a plasma, is much less than the dista
between grid wires.e0 is the permittivity of free space,k is
Boltzmann’s constant,Te the electron temperature,n the
plasma density, ande the fundamental charge. The grid
5 © 1999 American Institute of Physics
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gradually coat and begin to close off over time. Some io
and neutrals are lost as they pass through the grids, an
variably this happens at different rates for ions and neutr
The signal strength from the microbalance is reduced
cause the conductance through the grids is less than un

The maximum plasma density at which a gridded ene
analyzer will work is limited to the density at which th
plasma sheaths surrounding two adjacent wires no lon
overlap, at which point plasma can penetrate the grid. T
distance is approximately ten Debye lengths. In pract
units

Loverlap510lDe5103740ATe

n
cm, ~1!

whereTe , the electron temperature, is in units of eV andn
the plasma density is in units of cm23. For normal discharge
conditions,Te is approximately 2.5 eV. This implies, for th
250 mm grid spacing of Ref. 10, a maximum permissib
plasma density of 231011 cm23. Typical plasma density for
ionized physical vapor deposition can range from 1010 to
1013 cm23.

Over time, the gridded-energy-analyzer grid wires w
become coated and the transparency will change. If the
spacing were 250mm and the grid-wire diameter were 9
mm, one would expect the transparency to decrease 1
from 53% to 48%, after about 13.5mm of deposition. Typi-
cal deposition thickness for filling contacts, vias, or trench
is 1 mm, which implies 13 trench fill operations can be do
before a significant change in gridded-energy-analyzer c
bration appears. Typical deposition thickness for doing c
formal coatings on features~example for barrier layers! is
hundreds of Angstroms, which implies that 1000 or so c
formal coating depositions can be made before the grids
gin to change. Typically, the maximum deposition on
single quartz crystal is 20mm, which implies that the grids
will clog before the crystal reaches maximum thickness
the above analyzer were used in a system that deposits m
at a rate of 1000 Angstroms/min~a minimum rate for meta
fill operations in the integrated circuit industry!, the grids
would show a significant transparency change after ab
two hours of operation. From the above numbers, it is sho
that coating of the grids in a gridded energy analyzer
deposited metal should not influence the accuracy of m
surements if they are changed regularly. Nevertheless,
cause of these requirements, coating of the grids is an in
venience.

In the gridded region, the metal atoms and ions can c
lide with the background gas and/or the grids. These inte
tions affect the deposition rate of the ions and neutrals. I
likely however, that the effects will be different for ions an
neutrals. For example, it is unclear whether ions or neut
traverse the grids more easily, but there is likely to be
difference. If the grids were aligned so that all the holes w
above one another, one would expect the ions to mak
through all the grids with less loss, since their trajector
should be normal to the plane of the grids. Rossnagelet al.9

differentially pumped their gridded-energy-analyzer m
crobalance in order to reduce effects caused by metal ion
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atoms colliding with the inert background gas, but it is u
known how this affected their measurements.

II. INSTRUMENT DESIGN

The measuring tool presented in this article elimina
grids entirely by biasing the front surface of the quartz cr
tal to repel ions. Typically the front surface~the surface ex-
posed to deposition! of the crystal in a quartz crystal mi
crobalance is coated with a thin gold or silver film upo
which film is deposited. In a standard quartz crystal m
crobalance, the outer edge of the front surface then r
against the grounded surface of the crystal holder. The qu
crystal acts as a piezoelectric transducer in an oscillator
cuit, in which the resonant frequency is dependent on
mass load on the quartz crystal~before any metal deposition
the resonant frequency is typically 6 MHz!. One side of the
crystal is grounded, and the other side connected to the
of the oscillator elements. In the instrument described h
the ground path from the crystal to the rest of the oscilla
components is interrupted by a direct current~dc! voltage
source~see Fig. 1!. The dc voltage source has very littl
effect on the radio frequency~rf! signals in the oscillator
circuit, and the oscillator operates as before with only a sm
change in frequency, which shifts the zero mass po
slightly.

A magnetic field is used to protect the crystal from dra
ing a large electron saturation current when biased above
plasma potential to repel ions. If left unprotected, the h
electron saturation current would heat the crystal and d
age it. The magnetic field is oriented parallel to the surface
the crystal and localized just above the surface of the crys
The magnetic field inhibits the diffusion of electrons to t
substrate, because the electrons have very small cyclo
radii. However, the ions, which have much larger cyclotr
radii, more easily cross the magnetic field lines. Not on
should the magnetic field be chosen such that it has eno
strength to inhibit the diffusion of electrons, but its region
effectiveness should be greater than the electron cyclo
radius and less than the ion cyclotron radius. In this inst
ment, the magnetic field is produced by a permanent mag
with its poles on either side of the crystal face. The magne

FIG. 1. Schematic diagram of quartz crystal microbalance circuit.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



m

a

ss
ng

c
ig

d
s

ar
lm
ri
he
se
ld
r

y
te
te
ta
ito
o
ro
os
po
ion

d
per

axis
ter
gle

ring
n-
z.

ve
ergy
ted.
n of
he
9.4
tial,
rate
en-
til a

ting
er
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field is approximately 600 G and peaks approximately 1 m
above the crystal face. For electrons with energyE
52.5 eV ~typical for an average electron in most plasm
processing discharges! and with magnetic fieldB05600 G,
the orbital radius

r ce5
3.37AE

B0
cm50.1 mm. ~2!

Similarly Cu ions (M565 amu) givenE510 eV of energy
by the plasma sheath have an orbital radius

r ci5
144AEM

B0
cm56 cm. ~3!

The specific instrument used to produce the results discu
in the next section was a modified Inficon XTC sputteri
sensor. The sensor was modified such that a bias voltage
be applied to the front surface of the crystal as shown in F
2. The original grounded electrode was hollowed out, an
ceramic spacer and a biasable electrode were placed in
the grounded part. The ceramic spacer is recessed as f
possible to prevent it from being coated with deposited fi
and shorting out the bias electrode. The sputter sensor o
nally came with an ALNICO 5 magnet used to protect t
crystal from heating by the electrons from the plasma. Ba
on Eqs.~2! and~3! it was determined that this magnet cou
be used unaltered to protect the current device from the la
electron currents as described above.

The frequency of the oscillator circuit is monitored b
the Inficon XTC thin film thickness and deposition ra
monitor, which produces an output voltage signal calibra
to be proportional to the deposition thickness on the crys
The output from the thickness and deposition rate mon
and the input to the dc voltage supply are connected t
computer through a D/A A/D board. The computer was p
grammed to control the output voltage and read the dep
tion thickness from the monitor. It also calculates the de
sition rate from the slope of the recorded deposit
thickness versus time data.

FIG. 2. Cross section of modified quartz crystal microbalance.
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All experiments were done in a cylindrical ionize
physical vapor deposition chamber with a single-turn cop
antenna used as an ionizer~see Fig. 3!. A Cu target provided
the sputtered atoms. The instrument was placed on the
of the cylinder and 100 mm below the target. Both wa
cooling and the sensor output signal are fed through a sin
9.5-mm-o.d. stainless-steel tube. The tube slides in an O-
seal to allow radial variation of the sensor location. The io
izer power supply can produce up to 600 W at 13.56 MH
At 40 mTorr of Ar and 600 W of radio frequency~rf! power
to the ionizer, the plasma density is 531011 cm23 as mea-
sured with a Langmuir probe.

III. RESULTS

When the front crystal face is biased a few volts abo
the plasma potential, the ions no longer have enough en
to reach the crystal and only neutral atoms are deposi
Figure 4 shows the measured deposition rate as a functio
the bias voltage to the front surface of the crystal. T
plasma potential, measured with a Langmuir probe, was
V. When the bias voltage was less than the plasma poten
all ions and neutrals are deposited making the deposition
to the monitor independent of bias. Above the plasma pot
tial, the deposition decreases as the ions are repelled, un

FIG. 3. Cut-away view of IPVD system vacuum chamber.

FIG. 4. Deposition rate as a function of crystal bias voltage. Opera
conditions: 30 mTorr Ar, 400 W rf ionizer power, and 50 W dc sputt
power of Cu.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1528 Rev. Sci. Instrum., Vol. 70, No. 2, February 1999 Snodgrass et al.
bias of approximately 20 V has been reached at which p
only neutral Cu atoms are being deposited. Beyond 20
bias, the deposition rate is again constant, indicating tha
of the ions have been repelled and only neutrals are b
deposited. Thus, by measuring the deposition rate when
and neutrals are deposited and subsequently measurin
deposition rate when only neutrals are being deposited,
ion deposition rate can be obtained by subtraction.

The ionized metal flux fraction can be measured a
function of background gas pressure, ionizer power~the rf
power applied to the internal antenna!, and sputter power
Figure 5 shows sample data of deposition rate versus tim
measured by the instrument. After 2 min, 50 W of dc pow
is applied to the sputter source and held there for the dura
of the measurement. The ionizer rf power is varied from 1
to 400 W in four steps as shown in the figure. At each ioni
power level, the bias on the crystal is changed from 0 to130
V dc and back to 0 V dc. Each time the crystal is biased
130 V dc to repel ions, the deposition rate drops to appro
mately 10 Å/min. When the crystal bias is reduced back t
V dc, the deposition rate returns to the rate before bias.

Every time the crystal is abruptly biased from 0 to 30
or the ionizer power is increased, a dip in the instrumen
output is recorded~see Fig. 6!. This dip in the signal is a
transient. It is probably due to the increased heat load pu
the crystal and represents an offset in the ‘‘baseline’’ re
nant frequency of the oscillator circuit. However the critic
information is the deposition rate, rather than the instan
neous thickness of the accumulating metal film. Other th
for the initial transient, this information, obtained as the d
rivative of the sensor’s output signal, is unaffected by
differential-heat-load-induced dips. When the monitor bias
reduced from 30 to 0 V, a transient increase in the deposi
rate is observed. This is caused by a decrease in heat loa
the crystal and is analogous to effect produced when the
is increased causing an increase in heat load.

FIG. 5. Sample deposition rate vs time in 30 mTorr Ar plasma with 50 W
sputtering of Cu at 100, 200, 300, and 400 W of rf power to the ionizer.
each power level, the instrument is biased at 0 V then to 30 V and back to
0 V. The thin continuous line represents the raw detector signal, conve
to deposition thickness vs time. The closed circles represent the depo
rate constructed by differentiating the thickness vs time curve.
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IV. DISCUSSION

Many measurements have been made with the ins
ment. In all measurements made, the precision in depos
rate could always be made to be within 1 Angstrom/min
ensuring sufficient measurement time~1–5 min!. The instru-
ment requires no calibration other than its original facto
calibration. The sensitivity of the instrument is very hig
because there are no grids to attenuate the deposition
onto the crystal. The instrument employed in our system
very small, 35 mm diameter312 mm deep and mounted on
9.5-mm-diam movable support shaft. The compact des
also means that the instrument can be inserted quickly
any chamber with an ISO-KF40 port. Measurements h
been made off axis in the system by moving the moni
support shaft radially through an O-ring feedthrough.

The instrument has a very low profile: 1.3 mm from th
surface of the crystal to the outside of the housing. Comp
ing the 1.3 mm height to the 8.3 mm opening to the crys
gives an aspect ratio of 0.16. This small aspect ratio imp
that there is very little shadowing of the crystal by the s
rounding structure and thus we can easily obtain a dir
measurement of the depositing flux.

It should be pointed out that gridded analyzers, in ord
to accommodate multiple grids, require extra volume with
the interior of the diagnostic. This leads to large-aspect-ra
~e.g., aspect ratio of 0.8 in Ref. 10! shadowing effects asso
ciated with different deposition patterns for the anisotro
ion and the isotropic neutral fluxes. Prior to converting t
instrument’s signals to proper flux fractions, one needs
perform additional calculations and calibration measu
ments to account for the different shadowing effects for io
and neutrals in instruments with gridded energy analyzer

In contrast, the lack of grids on the device described
this article enables positioning of the microbalance depo
tion surface much closer to the entrance aperture surf
virtually eliminating shadowing and the need for concom
tant calibration calculations or modeling to interpret the d
tector signals.

The limit of maximum density at which the instrume
will work has not been reached to date. At some point,

c
t

ed
ion

FIG. 6. Magnified region of Fig. 5, showing the dip in the detector outp
~at about 43 min! associated with the increased heat load due to biasing
crystal face to130 V.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1529Rev. Sci. Instrum., Vol. 70, No. 2, February 1999 Snodgrass et al.
portion of the electron current that leaks through the m
netic field will become too large and heat the crystal to
point where it will no longer function. The density limit o
the present IPVD system has been 531011 cm23, which re-
sults in 6 mA of current to the crystal when biased at a130
V.

An ionized metal flux fraction measurement diagnos
is described and demonstrated. The device uses a var
voltage bias supplied directly to the front surface of a qua
crystal microbalance to repel ions. This differs from oth
ionized metal flux fraction measurement tools in that it do
not need any grids in front of the crystal to repel ions. T
absence of grids makes for a more direct measurement o
ionized metal flux fraction than with a gridded tool and h
been shown to work immersed in a plasma density as hig
531011 cm23.
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