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ABSTRACT

The standard method for determining the ionization degree of the metal flux at the substrate position in ionized physical vapor deposition
involves charge-selective quartz crystal microbalance (QCM) measurements in both ion-admitting and ion-repelling states. This paper out-
lines the theoretical basis and assumptions of this approach and extends it to reactive deposition processes, where variations in film compo-
sition between the two measurements may affect accuracy. The extended method is applied to three high-power impulse magnetron
sputtering discharges of titanium in argon-nitrogen gas mixtures. In all cases, a higher nitrogen content is observed in films grown when
the charge-selective QCM is in the ion-repelling state. For two of the discharges, this compositional difference leads to significant correc-
tions in the measured ionization degree. Possible causes for this variation and its impact on the measurement are discussed. Additionally, a
formula is derived to estimate the upper bound of the compositional correction, providing a criterion for when the extended measurement
procedure is necessary.
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I. INTRODUCTION into the structures and avoids the low deposition rate at the
bottom, overhang formation, and self-shadowing associated with

the form of ions,’ can be used to modify and enhance the proper- an undirected film-forming flux.”® An additional benefit to iPVD

. . . . prop is that the ions can also be used for resputtering at the top, further

ties of the coatings being deposited. Ions offer the advantage that . . . S

their ener d incid 1 h o fil b i reducing overhang formation, and at the bottom, increasing side-
gy and incidence angle on the growing film can be con o

11 h f . R i
trolled by adjusting the potential difference between the plasma wa d.;ove.rage at the cost of bottom coverage esputtering and
. o f : modification of film properties can be controlled directly via sub-
and the substrate. This allows tailoring the film structure’ and, if

. o . . strate biasing even at moderate degrees of ionization. The overall
the ions represent a significant fraction of the film-forming mate- directionality is, however, limited by the ionized flux fraction
rial, controlling the directionality of the depositing flux." This is the

(IFF)—the fraction of the film-forming flux that is ionized.

Energetic bombardment during film growth,' in particular, in

case in ionized physical vapor deposition (iPVD).” iPVD has Determination of the IFF is crucial for understanding its influ-
become an established approach for applications in integrated  ence on the deposition process,'’ be it via coverage or thin film
circuit manufacturing where a hlghly directed material flux is properties’ and also for process optimizaﬁon, transfer) and
required.” These include, for example, the conformal lining or even scaling.'’ Tt is furthermore useful for modeling both the deposition
filling of structures for back-end-of-line metallization or the lining (e.g., using SIMBAD'') and the discharge [e.g., using a global
of high aspect-ratio vias, where the directed ion flux reaches deep model such as the ionization region model."’]
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Early on in the development of iPVD, IFF measurements have
been performed with gridded quartz crystal microbalances
(g-QCMs),""” which have later been improved upon by replacing
the grids with magnetic shielding (m-QCM or ionmeter).”* Both
devices are used to infer the IFF from separate measurements of
the total mass deposition rate and the mass deposition rate due to
neutrals only. In nonreactive processes—neglecting possible impu-
rities and trace argon incorporation—only atoms of the target
metal are contributing to the deposition rate, making such mea-
surements relatively straightforward.'” In reactive processes, the
determination of the target metal IFF is, however, complicated by
the addition of ions and neutrals of the reactive gas, which also
contribute to the film growth and are thus simultaneously mea-
sured when using the QCM approach. This has so far prevented
the absolute quantification of the metal IFF in reactive iPVD.

In the present work, we present a novel method for the accu-
rate measurement of the metal IFF in reactive iPVD (Sec. 11 A 2)
using compositional analysis of the films deposited on the quartz
crystal (QC) sensor. The method is then applied to the case of tita-
nium nitride (TiN) reactively deposited using high-power impulse
magnetron sputtering (HiPIMS)'® (Sec. 11 B). TiN thin films have
been historically important and remain relevant in both hard coat-
ings and semiconductor manufacturing. In the latter, TiN is used
for diffusion barriers, adhesion and seed layers,17 and hard
masks.'® For these applications, a high and controllable IFF is
desired as they typically require conformal coating of structures of
varying aspect ratios. Quantifying the ionized flux fraction of tita-
nium (Ti) in this process is, therefore, not only of interest for
improving fundamental understanding but also holds practical
value for optimizing the process in applied settings.

After the explanation of the method and experimental proce-
dure (Sec. II), the results of the target metal IFF measurements are
presented and correlated to the properties of thin films deposited at
the same conditions as the measurements (Sec. III). This is fol-
lowed by a discussion on the expected mechanisms leading to dif-
ferences in composition, the effect of the composition on the IFF
measurement, and an estimate of the systematic errors incurred
when neglecting differences in composition (Sec. 1V), before
ending with a short summary and conclusion (Sec. V).

Il. METHODOLOGY
A. Measuring the target metal ionized flux fraction
1. Nonreactive processes

The target metal ionized flux fraction Fyy, gy is defined as the
fraction of the total target metal flux arriving at the substrate (or sensor)
position T'in, otal = I'tm, ion + tm, neutral that is made up of ions,

rtm, ion —1- 1—‘t;m, neutral (1)

th, flux =

rtm, total th, total

Here, the subscript tm stands for target metal, and T'yn neura and
I'tm, ion are the neutral and ionized target metal fluxes, respectively.

The established methods for measuring Fy, guc that were
mentioned in Sec. I are based on charge-selective quartz crystal
microbalances. QCMs can measure the deposition rate on the QC
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FIG. 1. Schematic representation of a charge-selective QCM showing the
relation between the different quantities introduced in Eq. (3). The flux T
arriving at the sensor position is reduced by a factor Z; due to, e.g., scattering
and geometric effects, but also the effect of the applied bias. Some of the flux
FQ = &, I arriving at the QC might, in turn, not contribute to the growing film
due to a potentially smaller than unity sticking probability S;. Taking both reduc-
tions on the way to the QC and a possibly subunitary sticking probability into
account, the mass deposition rate due to the incoming flux T; can be expressed
as in Eq. (3).

by exploiting the Lu Lewis relation,"” an improved version of the
Sauerbrey equation,”” which relates a change in deposited thin film
mass M to an approximately proportional change in oscillation fre-
quency AM oc Af. Assuming a fixed composition, the mass change
of the thin film is, in turn, directly proportional to the number of
newly incorporated atoms and, thus, the arriving flux AM oc T

In the general case, this flux can consist of multiple different
species with potentially different masses and charge states. The total
mass deposition rate R (in, e.g, ngs)~

the relevant neutral and ionized species j arriving at the sensor

—::R:ZR, (2)
7

where A is the active surface area of the QC, m; is the mass of
species j, and I its flux arriving at the sensor position. As illus-
trated in Fig. 1, the transmission probability Z; and the sticking
probability S; take into account that not all the particles arriving at
the sensor position end up contributing to the film growth on the
active area of the QC. Note that Eq. (3) should be understood as a
phenomenological framework similar to, e.g., Christie’s material
pathways model:*' it provides a structured way to relate the mea-
sured deposition rate to the material fluxes by encapsulating the
net effect of complex physical processes in terms of effective
parameters, rather than deriving from a microscopic or first-
principles model.

The transmission probability Z; := FJQC /Tj is defined as the
probability that a particle of species j arriving at the top of the
sensor reaches the recessed QC surface, i.e., it relates the flux at the

') on the quartz crystal then
equals the sum of the partial mass deposition rates R; due to each of |
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entrance T'; to the flux at the QC surface ', It has the same func-
tion as the product of the geometric factor and grid transparencies
0<G Tg" < 1 introduced by Green et al.."* However, in addition to
geometric and scattering losses, it also includes the effect of the
bias potential applied to any part of the sensor and leaves open the
possibility of ion focusing, additional jonization, or recombination;
thus in principle removing the upper bound (0 < &).

The sticking probability S; := R;/(A FJ-QC) is here defined as the
probability that a particle of the flux FJ-QC is permanently incorpo-
rated into the growing film(0 < S < 1). It, therefore, includes all
factors that affect the permanent bonding of the species, including
the conditions at the surface that affect the initial sticking probability
such as temperature, composition, and crystal structure, but also the
presence of concurrent bombardment by other particles that might
promote desorption or lead to resputtering.

The charge-selectivity needed to separately measure the
neutral and total target metal deposition rate is achieved by either a
set of two or more biasable grids (g-QCM), which can be used to
repel electrons and ions, or by biasing the QC itself to repel ions
and preventing the electrons from reaching the electrode using
magnetic shielding (m-QCM). Both the g-QCM and the m-QCM
are described in more detail by Kubart et al.'* and Cada et al.”

Using such a device, an estimate th, flux Of Fim, flux is obtained
based on two separate measurements of the deposition rate: once
with a positive applied bias R®® and once at ground R&",

Rbias
1—— (4)

th, flux ‘= Red

Here and in the following, the superscripts bias and grd indicate the
biased and grounded state of the charge-selective QCM, respectively.

1. General measurement assumptions. Estimating the Fi fiux
using Eq. (4) is implicitly based on a set of assumptions. Assuming
that

A1 The partial deposition rates R; due to elements other than the
target metal are negligible,

Al = Rgrd ~ Z Rjgrd = Rtm, total
JjEtm
and
bias ~_ bias
RV o~ % " Ro,
j€tm
A2 The transmission probability for target metal ions in the biased

case is negligible E}’ias ~ 0, Vj € {tm, ions},

A2 = Rt]?i"s ~0,Vj € {tm,ions},

>

JjEtm,neutral

Al, A2 = Rbias =~ R})ias = Rtm, neutral

bias
Rtm7 neutral Z Jj€tm, neutral R]

R - grd
tm, total Z j€tm Rj
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ﬁtmyﬂux captures the ratio between the deposition rate due to target
metal ions and neutrals (as defined above), i.e.,

bias
R ~ Rtm, neutral

Rerd

©)

F tm,flux = 1 — .
' Rtm, total

Linking the ratio of the neutral and total deposition rate to the ratio of
the respective fluxes requires some further assumptions, namely, that

A3 The sticking probability is the same for ions and neutrals of the
target metal and does not depend on the applied bias

bias _ qod —ged
Stm7 neutral — Stm7 neutral — Stm, ion — Stm-
A4 The transmission probability for the target metal neutrals does
_ .:grd

“tm, neutral — ~tm, neutral
and is approximately equal to the transmission probability
~ =grd

— “tm, ion>

—=bias

not depend on the applied bias
A5 ...

of the target metal ions in the grounded case Z,

=
— —=tm

bias
Z:jetm7 neutral R]
grd
Z JjEtm Rj

bias =bias T-bias
; Sbies Zhie

A3 — A5 =

_ Z JjEtm, neutral

- grd —grd ~grd
> jem S & I3

bias
~ Z]Etm, neutral F]
- d
gre
Z JjEtm F}

A6 The applied bias does not affect the fluxes of target metal
s . o, h I grd _ bias _ .
pecies arriving at the sensor position I'; I; T;

d
A6 = > TE =3 "T; = Tim, to

JjEtm JjEtm

and

>

Jj€tm, neutral

bi .
Fj ias __ E Fj = th, neutral

jEtm, neutral

bias
E;E tm, neutral l—‘j

grd
Z JjEtm 1—‘]

_ th, neutral

1—‘tm7 total

Under these assumptions,

Rtm, neutral

1l———>~1
Rtm, total

_ th, neutral ( 6)

th, total

and the measured target metal ionized flux fraction th, flux 1S
approximately equal to the actual target metal ionized flux fraction
Fim, fux as defined in Eq. (1),

bias
R Rtm, neutral _ th, neutral

1— T 1-—- ~1—-
Re" Rtm7 total

ﬁ tm, flux = .
' 1—‘tm, total

When depositing titanium (and likely other elemental metallic)
coatings, these assumptions can be expected to be at least
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approximately satisfied, provided some caution is taken. Even if
some contamination is present, the corresponding mass should be
very small in comparison to the mass of the target metal in the
deposited film. While there have been indications that the sticking
coefficient of Ti could be slightly smaller than one in some scenar-
ios,” the sticking coefficient for metals is usually assumed to be
unity.”*® Provided the positive bias voltage is chosen such that
the potential difference compared to the plasma potential is larger
than the kinetic energy of most ions, the transmission probability

for ions should approach zero Ei,, >~ 0. There is little reason to
—bias/grd
“tm, neutral
depend on the applied bias, and the ion and neutral grounded
transmission probabilities should be close as long as the collection
surface and optical acceptance angle are sufficiently large. It should
also be safe to assume that the applied bias has no significant effect
on the fluxes arriving at the sensor position, provided no noticeable
effect on the discharge current waveform is observed. Finally, it can
be noted that possible deviations from the equalities stated in the
assumptions could also be accounted for when calculating the mea-
surement error.

expect the transmission probability for neutrals to

2. Reactive processes

In reactive depositions, the partial deposition rates R; due to
the reactive gas can be large enough that they can no longer be
neglected. In the case of stoichiometric TiN, for example, about
22.6% of the mass of the thin film is due to nitrogen. In such a
case, assumption Al—that the partial mass deposition rates associ-
ated with elements other than the target metal are negligible—
breaks down, and Eq. (4) is no longer guaranteed to provide a good
estimate of the real target metal ionized flux fraction Fym, flux.
Indeed, the measured deposition rate is no longer strictly propor-
tional to the flux of metal atoms and ions, and the difference in
deposition rate between the biased and unbiased measurement
cannot be uniquely attributed to the repelled target metal ion flux.

Recognizing that the ratio between the target metal deposition
rate Rim =AY ey m S5 T; and the total deposition rate
R=A Zj m; §; Z; T; is reflected in the composition of the thin film
as the target metal weight percentage

Rim

R’ ™)

[tm],, =
the target metal ionized flux fraction can, nevertheless, be extended
to reactive processes, provided [tm], is known for both of the
films deposited onto the QC during the biased and grounded mea-
surements. Replacing Ry, >~ R in Eq. (4) with Ry, = [tm],, R
yields an improved estimation

bi .
~ec - [tm] Wl:S Rbias ~1 Rim, neutral (8)
=1 — ~] - —
e [tmlgtd Rerd Rtm, total ’

which is equivalent to Eq. (5) and following Eq. (6) correctly esti-
mates Fyy, gy as defined in Eq. (1), provided assumptions .42-A46
are satisfied for the target metal. The superscript cc in Eq. (8) is
used to distinguish the composition-corrected from the uncorrected

ARTICLE pubs.aip.org/avs/jva

IFF measurement Eq. (4). In addition to the ratio of the biased and
neutral deposition rates R/R8Y, this extended measurement
method also depends on the ratio of the compositions of the two
respective layers formed on the QC during measurements, i.e.,

[tm]b / [tm].
In the nonreactive case, the applied bias might affect the com-
position via the increased incorporation of impurities, such as
oxygen, due to the reduced deposition rate when repelling ions. In
systems with a reasonably good base pressure, this can be expected
to not be significant, thus [tm]***~ [tm]&"! and Eq. (4) is recovered.
In the reactive case, the composition can, however, a priori
not be expected to be independent of the applied bias. The degree
of ionization of the fluxes of the metal and the reactive gas is not
generally the same, and repelling charged species will affect the
total ratio between metal and reactive gas species arriving at the
QC. Furthermore, while the target metal sticking coefficient can
typically be assumed to be close to unity for both charged and
neutral species,'” the sticking coefficient for a reactive gas species is
expected to have a much more significant dependence on the
charge state and the composition of the growing film.”*
In some cases, it might be possible to restrict the ratio
[tm}aif_s /[tm]‘g;t"l to some range based on, e.g, visual inspection of
the coatings on the QC.”” However, in the general case, some form
of compositional analysis is required in order to obtain the metal
weight fraction in the two layers. In the present work, the Ti weight
fraction in the deposited TiN, films is obtained using ion beam
analysis (IBA) (cf. Sec. I B 4).

B. Experimental details

The approach for determining the target metal ionized flux
fraction in reactive iPVD introduced in Sec. IT A is applied to

measure the ionized flux fraction of Ti during reactive HiPIMS
deposition of TiN using the equipment described in Sec. IIB 1 and ;

at three different discharge conditions presented in Sec. II B 2. The
IFF measurement procedure is provided in Sec. II B 3 and experi-
mental details regarding IBA in Sec. II B4 and characterization of
reference samples using transmission electron microscopy (TEM)
are given in Secs. II B 4 and 11 B 6, respectively.

1. Apparatus

The experiments were performed in a cylindrical vacuum
chamber, 42.6 cm in diameter and 30 cm in height, that was
pumped to a base pressure below at least 2.5 x 107* Pa using a
Pfeiffer TMU 521 P turbomolecular pump. The deposition system
was equipped with a standard AJA ST20 2” unbalanced magnetron
onto which a 5.75 mm thick 2" 99.99% purity Ti target was
mounted.

The magnetron cathode was powered in HiPIMS mode using
an Ionautics HiPSTER1 pulser unit (Ionautics AB, Sweden). A
magnetic field map of the magnetron can be found in Appendix C
of Renner et al.”® A PicoScope 4444 20 MHz computer oscillo-
scope was used to record the discharge current and voltage wave-
forms from the HiPSTER 1 probe outputs. Ar (99.9997% purity)
and N, (99.9995% purity) mass flows were regulated using an MKS
Multi-Gas Controller 647B.
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Two different types of QCs were used: regular AT-cut 6 MHz 80 , . . . 12
QCs (SPC-1194-G10, Inficon) for testing and experimentation and =60 (a) A +"'_';'.}t‘:'-':'-*'-'“'-'“*-“-'-7-'(’59 =
more specialized 5 MHz QC (QSX 301, Biolin Scientific) for the — E e —> —
extended measurement procedure detailed in the next section 240 NN ,-“:x - 16 7§
(Sec. II B 3). The QCs used for measuring the biased and grounded £ 206, 5“'-'*":# 13 &
deposition rates were mounted in a commercial m-QCM prototype . gy \In A0 OA:.LO O BO VIBZ ABS| 0
(IonMeter, Ionautics AB, Sweden) and biased using an 0 2 4 6 8 10
Elektro-Automatik EA-PS 5200-02 A DC power supply. The depo- 200 , . , ,
sition rates on the QC were recorded using a Kurt J. Lesker (b),. —3-= A: tpuse = 100 s
FTM-2400 QCM readout unit. The bias voltage and current were S 150 7 T e B fpuse = 50ps |
monitored using two Tektronix P2220 voltage probes attached on HZ%IOO g +V x.
either side of a 506 Q resistor placed between the bias power [ 50L \*x.\\*_
supply and the m-QCM, both connected to the PicoScope 4444. A R U AT <

. . R K R +
pneumatically operated shutter was installed directly in front of the 00 2 4 é 8 10

IonMeter in order to avoid deposition in between measurements

Sccm
and while conditioning the target. ax, [scem}

: FIG. 2. Panel (a) shows the peak discharge current Ip peax Obtained when decreas-
2. Selected discharges ing the nitrogen mass flow from gy, = 10 SCCM down to gy, = 0 SCCM at cons-

The ionized flux fraction was measured for three different tant discharge voltage Up while adjusting the repefition rate fus in order to
reactive discharges, selected from two sets of discharge conditions. maintain a constant average power of Py, =100 W with two different starting

. . ints: 1. fouse = 100 ps and =~ 10 A corresponding to Up = 464 V (series
All discharges were operated at an Ar partial pressure of pa, = K())and 2 ‘t):j; —50 :lls and /; 'z:: =60 A c;orres;‘))onding(}J to UE =491V Eseries

0.5 Pa (corresponding to an Ar mass flow of g, = 70 SCCM) and B). Panel (b) shows the grounded mass deposition rates recorded for the same dis-
a fixed average power P,y = 100 W, which was regulated by adjust- charges normalized to the deposition rate of the reference Ti process (AO)
ing the pulse repetition rate fyus.. The two discharge sets, labeled A Fgrd R /R In both panels, the three investigated reactive conditions are
and B, were obtained by first adjusting the discharge Voltage and marked with trlangular (serles A) and circular (Senes B) Symbols and the corre-
repetition rate in order obtain a desired peak discharge current at a sponding gy, = 0SCCM discharges are marked with a square and diamond,
reactive gas mass flow of gy, = 10 SCCM, and then stepwise reduc- respectively

ing gn, while keeping the discharge voltage constant and only

adjusting the repetition rate in order to maintain the constant

average power. Series A employed a pulse length of fyuse = 100 ps Regular QCs typically used for thickness monitoring in thin
and started at Ippek = 10 A which was obtained at a discharge  fiim deposition have a high surface roughness, which makes them
voltage of Up =464 V. For series B, fpuse = 50 us was used and unsuitable for the IBA techniques employed to determine the com-

started at Ip peak = 60 A which was reached at Ippeac = 60 A. The position. Therefore, the measurements were carried out using more ¢
peak discharge currents and deposition rates obtained for the dif-

ferent discharge conditions are shown in Figs. 2(a) and 2(b),
respectively.

The three investigated reactive conditions—designated A10,
B2, and B5, based on the scan label and the nitrogen mass flow in
SCCM—are marked in Fig. 2. Also marked are the nonreactive
(gn, = 0 SCCM) reference discharges, BO and AOQ. The latter corre-
sponds to the Ti process, which was used for all nonreactive depo-
sitions in this work. The discharge current waveforms for all five
discharges are shown in Fig. 3, and the corresponding external
parameters are listed in Table I. To compensate for the effect target
erosion, the voltage was adjusted to again reach the targeted peak
discharge current at gy, = 10 SCCM before reducing gy, for the
m-QCM measurements. The discharge voltages listed in Table I are
consequently lower than those used for the original scans shown in
Fig. 2.
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3. Measurement procedure
t [us]

The measurement procedure consists of two steps: In the first
step, the grounded and biased deposition rates R#¢ and R are
recorded while depositing thin layers on a QC with a grounded
and biased top electrode, respectively. In a second step, the compo-
sition of these layers is analyzed using IBA.

FIG. 3. Discharge current waveforms for the three investigated discharges
(solid lines) as well as the corresponding discharges at qn, = 0 SCCM (dotted
lines).
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TABLE I. External discharge parameters that were fixed for each of the investigated
discharges. The Ar mass flow of ga- =70 SCCM corresponds to a Ar partial pres-
sure of pa,=0.5 Pa. The discharge voltage Up and pulse repetition rate f,ys. were
adjusted such that the targeted peak discharge current Ip geax and average power
P,, were maintained simultaneously, and the listed values correspond to those used
during the IFF measurement. In addition to the reactive discharges, the parameters
for the discharges at gy, = 0 SCCM are also listed using the values for Up and
fouise from the mass flow scans.

P, av tpu.lse qAr qN, ID,peak UD fpulse
No. [W] [us] [SCCM] [SCCM] [A] [V] [Hz]
A0 100 100 70 0 6 459 450
Al10 100 100 70 10 9 446 450
BO 100 50 70 0 19 484 390
B2 100 50 70 2 6 481 950
B5 100 50 70 5 60 478 255

specialized QSX 301 QCs (Biolin Scientific, Sweden), which have a
low surface roughness (< 1 nm RMS).

The biased and grounded rate measurements were recorded
on the same crystal in order to minimize differences in the mea-
surement conditions. An illustration of the layer structure is shown
in Fig. 4. Before depositing the measurement layers, the desired
process points for the Ti and TiN layers were found by adjusting
the pulse repetition rate and discharge voltage to meet the targeted
average power and peak discharge current. This opportunity was
also used to determine the deposition rates for the Ti layer and the
grounded and biased TiN layers in order to be able to estimate the
deposition time for the different layers from comparison with the
known absolute deposition rate of the process used for the Ti
layers. This was followed up with a buffer layer of at least 50 nm of
Ti with the purpose of reducing multiple scattering on the Au elec-
trode during elastic recoil detection analysis (ERDA), which is part
of the subsequent IBA (cf. Sec. IIB4). The two TiN layers
(~ 30 nm) were deposited onto a base Ti layer (= 30 nm), sepa-
rated by a Ti interlayer (= 60 nm) and capped with an additional
layer of Ti (=~ 30 nm) to prevent oxidation. As an example, the
QCM data recorded during discharge B5 is shown in Fig. 5. The

~ 30nm Ti top
~ 30nm TiN 0V
~ 60nm Ti middle measurement
~ 30nm TiN 40V
~ 30nm Ti bottom
~ 50 — 100nm } i
~ 100 nm %W/ %W% % Au electrode } -

FIG. 4. Schematic illustration of the layer stack used for the measurement. The
measurement layers, shown at the top, are preceded by a calibration and buffer
layer. The top electrode of the QC consists of a very thin Cr adhesion layer (not
shown) and a approximately 100 nm thick Au contact.
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FIG. 5. Example trace of the QCM frequency during the deposition of the mea-
surement layers, in this case showing the data recorded for discharge B5. The
frequency change Af can be related to a proportional change in film mass AM
using the Sauerbrey equation.”” The shaded areas mark the times during which
the shutter was opened to deposit the individual layers.

biased and grounded rates R”® and R8¢ were obtained from fitting
the trace in the regions marked TiN 40V and TiN 0V, respectively,
while the pure Ti deposition rate acquired in the other three regions
was used as a reference rate. This gives us the ratio R® /R8¢ needed

in Eq. (8) and leaves [tm]?viﬁS / [tm]fiff to be determined.

4. Compositional analysis using ToF-ERDA and RBS

The composition of the films was measured by a combination |
of Rutherford backscattering spectrometry (RBS) and time-of-flight ;

ERDA (ToF-ERDA). Experiments were performed using the 5 MV
15-SDH2 Pelletron accelerator at the Tandem Laboratory at
Uppsala University, Sweden.”” The Ti weight percentage was
obtained from the Ti, N, O, and C atomic concentrations deter-
mined from ToF-ERDA measurements, during which a 36 MeV
iodine (*?7I%") beam was incident at an angle of 67.5° with respect
to the sample surface normal. The incident ions created recoils,
which passed through the time-of-flight detector and gas ionization
chamber, placed at an angle of 45° relative to the incident beam.
The elemental depth profile was extracted from the time and
energy coincidence spectra using the Potku code (version 2.2.4).”
Rutherford backscattering spectrometry was used to minimize the
Au contact scattering influencing the accurate determination of the
composition of the bottom TiN layer. For this, a 2 MeVHe"t
primary ion beam was incident at 5° to the sample normal, and the
backscattered particles were detected at an angle of 170°. The
acquired spectra were processed using SIMNRA® 7.03.

5. Reference films for characterization

Since the QC samples are heterogeneous and the respective
TiNy layers very thin, separate reference samples were prepared for
the purpose of characterizing TiN, films grown using the three
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investigated reactive processes. The additional thin films were
deposited onto grounded Si (100) coupons approximately 1 cm? in
size at the conditions A10, B2, and B5. The Si coupons were
cleaned in an ultrasonic bath of acetone, followed by isopropyl
alcohol, then rinsed with isopropyl alcohol and dried with nitrogen.
For the deposition, the magnetic shielding was removed from the
m-QCM and the samples were attached next to the opening of the
QCM using thin strips of copper tape at two corners. With this
setup, the initially floating native oxide substrate surface is expected
to become grounded after percolation. The deposition was started
with a thin Ti adhesion layer using the reference process A0, fol-
lowed by the main layer of TiN,. A simultaneous QCM deposition
rate measurement was used to ensure that the TiN, layer was at
least 400 nm in thickness.

It should be noted that these films are not representative of
the layers grown using a positive bias.

6. Cross-sectional TEM imaging

The reference and QC samples were both prepared for TEM
analysis using the standard lift-out approach™ using a focused ion
beam instrument (Helios, Thermo Fisher). Each sample was coated
with a tungsten protective layer and two 3 um wide windows were
prepared down to a final thickness of 60-70 nm.

Bright field TEM (BF-TEM), selected area electron diffraction
(SAED), and high-angle annular dark field scanning TEM
(HAADEF-STEM) analysis was performed using an FE-I Tecnai G2
TF UT instrument operated at 200 kV. The STEM images were col-
lected using an annular detector spanning the range 80-260 mrad.

For illustration, a cross section of the measurement layer stack
deposited on the B5 QC is shown in Fig. 6. Scanning TEM (STEM)
energy-dispersive x-ray spectroscopy (EDS) maps recorded for all
three QC samples qualitatively confirmed the trends in composi-
tion seen in the IBA measurements. While EDS is generally a quan-
titative technique, in this case, its use was limited to qualitative
interpretation due to the overlap between the N K and Ti L peaks,
which complicates accurate quantification.

7. XRD analysis

20-w scans of the reference samples were performed using a
PANalytical X’Pert Pro diffractometer equipped with a Cu x-ray
source (Axq, = 1.540598 AA). The measurement was carried out in
the 30 — 80° range with a 0.5° divergence slit along with a Ni filter
and a X’Celerator 1D detector.

lll. RESULTS

A. Deposition rate, composition, and target metal
ionized flux fraction

ARTICLE pubs.aip.org/avs/jva

FIG. 6. BF-TEM cross section of the layers deposited onto the QC during the
ionized flux fraction measurement for discharge B5. The two broad bands of
lighter color are the biased and grounded TiN layers. The thin bright line toward
the bottom of the image stems from the calibration of the reactive process in the
calibration/buffer phase of the measurement procedure.

seen in the series overview in Fig. 2(b), A10 and B5 are in the reac-
. . grd T .
tive gas mass flow regime where Fg,, no longer changes, indicating

that the target is fully poisoned for both. At Fg;f) = 37.3%, the dep-

osition rate for BO is significantly lower than A0. This can likely be

attributed to the high peak discharge current densities Jppeax in
series B ranging from 0.3 up to 3 A cm™2 and starting at 1 A cm?
at gn, = 0SCCM, which leads to an increased ionization of the
sputtered Ti and an higher deposition rate reduction due to back-

attraction to the '[arge'[.“]’33 For B2, however, Fﬁ;‘; is relatively high,
approaching the rate observed for A0. Looking at Fig. 2, B2 is

TABLE IIl. Summary of the main results: The grounded and biased deposition rates
normalized with respect to the reference discharge (A0) Fg;‘;/ oS _ Rard/ias /RIT
obtained from the QCM measurements (cf. Sec. || B 3), the target metal weight frac-
tions [tm]%/%%— [Ti|%/%% optained from IBA (cf. Sec. I1B4), and the resulting
uncorrected Fim, 1, and composition-corrected Fif 4, measured ionized flux frac-

tions (cf. Sec. Il A).
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The mass deposition rates Fddi = Rgdr . " /RY; os. and No. [%i [%ﬁ (%] (%] (%] (0]
target metal weight fractions [tm]‘g;t'/ s [T{]&2 obtained for

the grounded and biased measurements are shown summarized in A0 100 83.8 N - 16.2 -

Table II and visualized in Figs. 7(a) and 7(b), respectively. For both Al0 293 24.9 79.6 787 15.2 16.2

fes, the deposition rate F& of the high qy, discharges (A10 and oo o5 209 - " 239 "

series, the deposition rate Fg,, of the high gy, discharges an B2 93 780 88.6 822 155 216

B5) is reduced to approximately 30% of the deposition rate of the B5 11.2 6.1 77.0 67.8 45.2 517
respective discharges at gn, = 0SCCM (A0 and B0). As can be
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FIG. 7. Visualization of the main results. Panel (a) shows the grounded and
biased normalized deposition rates Fgg; and Fg':;, panel (b) shows the corre-
sponding grounded and biased titanium weight fractions [Ti]ﬂf and rl'i]ﬁ,'fs, and
panel (c) shows the uncorrected and composition-corrected ionized flux fraction

values th, fux and Ftﬁ. flux*

rd .
ep» Which suggests that the

discharge is operated in the transition mode, where typically the
deposition rate is the highest. Compared to the other discharges in
the series, the effect of back-attraction is likely also reduced due to
the comparatively low Jp peak at 0.3 A cm?, further contributing to a
higher deposition rate. The deposition rates measured during the

located close to the maximum of in F§

biased measurements Fy* are lower than the corresponding Fif) in
all cases. This is expected, since part of the film-forming flux is
repelled. ) )
The target metal weight fractions [tm]ﬁff/ bias _ [Ti]ﬁ,'f/ bias 4
the grounded and biased TiN, layers are calculated from the their
respective atomic composition obtained from IBA, which are listed
in Table III and visualized in Fig. 8, taking the weight of the O and
C contents into account but neglecting other impurities. The
higher amount of impurities for B2 and B5 compared to A10 could
be explained by the better base pressure in the latter case

TABLE Ill. Composition of the grounded (Upias=0 V) and biased (Upias =40 V)
layers as determined using IBA (cf. Sec. || B 4). Values that are below the detection
limit are marked with a dash (—).

Ubias [Ti] [N] (O] [C]
No. V] [at. %) [at. %] [at. %] [at. %]
Al0 0 53 47 — —
40 52 47 1 —
B2 0 70 27 3 —
40 58 41 1 1
B5 0 50 48 2 —
40 39 57 3 2
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FIG. 8. Composition of the grounded (Uyias = 0 V) and biased (Upias = 40 V)
layers as determined using IBA (cf. Sec. |IB4) are here visualized for easier
comparison.

(Poase = 4.9 x 107* mbar compared t0 ppase = 1.8 X 106 mbar
and ppase = 2.3 x 10! mbar for B2 and B5).

The weight fraction of Ti in the grounded layers is close to
80 wt. % for the two poisoned cases, A10 and B5, at [Ti]grd =
79.6 wt. % and [Ti]®¢ = 77.0 wt. %, respectively. For B2, which is
assumed to be in the transition mode, the Ti weight fraction is
higher at [Ti]#¢ = 88.6 wt. %. At only 1.0 pp, the difference
between the biased and grounded layers is quite small for A10. For
B2 and B5, on the other hand, the difference is much more impor-

tant at 6.4 and 6.5 pp, respectively. In all cases, [Ti],. is smaller in
the positively biased case, meaning that the biased layers contain }

more nitrogen.
Finally, the estimated target metal ionized flux fraction assum-
ing a nonreactive process ﬁtm, flux [Eq. (4)] as well as the new, cor-

rected ionized flux fraction Ff; qux Q- (8)] calculated using the

reported R&/"2 and [tm]&/"™ are also listed in Table 11 and
shown visually in Fig. 7(c). Despite the significantly higher Jp peax
in A10 (0.45 Acm™2 compared to 0.3 Acm 2), the target metal
ionized flux fraction for A0 and Al0 are very close at
Ff;l qux = 16.2%. Ranging from 21.6% to 51.7%, Pfl‘; fux 18 higher
for the three discharges in series B. The relative difference between
the uncorrected and composition-corrected measurement
6l:“tm, flux (= (th, ﬂux—f:fr;‘ ﬂux)/ﬁféy fux 1S moderate for AI0 at
6.2%, however the large differences for B2 at 28% and B5 at 13%
highlight the importance of taking the composition into account

when measuring the target metal ionized flux in reactive processes.

B. Thin film microstructure

Although analyzing the film microstructure on plain,
grounded Si (100) substrates is not part of the proposed procedure
for measuring Fiy gaux in the reactive case, it remains of general
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interest. Moreover, the microstructure is expected to reflect the
ionized flux fraction.

BF-TEM cross sections and SAED patterns for the films
deposited onto Si coupons are shown in Fig. 9. Additionally,
HAADE-STEM cross-sectional images, which better highlight the
films’ microstructure and underdense regions, are displayed in
Fig. 10. All three samples display competitive growth near the
Ti-TiN, interface, followed by the typical columnar structure seen
for PVD deposited thin films. The films deposited at conditions
A10 and B2 exhibit underdense grain boundaries, which are seen
to penetrate into the grain in the case of A10. The grains in the
A10 sample are smallest with a preferential out-of-plane orienta-
tion, as indicated by its SAED pattern. B2 shows slightly larger
grains with more noticeable changes throughout the height of the
TiN, layer. The film appears dense near the Ti-TiN interface with
an out-of-plane orientation. Further up, the grains become ran-
domly oriented, and more underdense grain boundaries are
present. For the B5 sample, the grains are similar in size to the B2
sample, highly oriented in the out-of-plane direction, and the grain
boundaries appear almost fully dense.

The 260-w scans, displayed in Fig. 11, show a mixed (111) and
(100) texture for A10 and B2, but a strong (111) texture for B5.
Increased ion bombardment has typically been associated with the
promotion of (100) when depositing TiN using reactive magnetron
sputtering.”*~” However, Cemin et al. also observed a shift from
(100) to (111) at increasing peak discharge current densities.”’ A
detailed discussion of the effect of ion fluxes on the growth and
microstructure of TiN is outside of the scope of the present work.
For a general overview of the topic, the reader is referred to Anders
et al.” For TiN-specific discussions, see Hultman et al,”* Mahieu
et al.,’® Machunze et al.,’” Ehiasarian et al,”® Viloan et al,”” and
Cemin et al..*’

Note that the results obtained for the grounded Si substrates
shown in the present section do not allow for conclusions regarding
the effect of the positive bias on the microstructure, which,
however, represents an interesting topic for future study.
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IV. DISCUSSION
A. Importance of the proposed correction

Since the proposed measurement method constitutes a correc-
tion to an already established, simpler procedure, a central question
is how significant this correction is in practice. Other questions of
interest include how the magnitude of the correction depends on
specific process conditions and under what conditions the correc-
tion is necessary—or, equivalently, under what circumstances the
regular method might be sufficiently accurate. To answer these
questions, the potential influences of the bias on the composition—
and, in turn, the composition on the measurement—are discussed,
and a formula is developed to yield an upper bound on the
expected error.

. .. FIG. 9. BF-TEM cross-sectional images including SAED patterns for the refer-
1. Influence of the bias on the film composition ence samples deposited at conditions corresponding to (a) A10, (b) B2, and (c)
B5. From right to left, the Si substrate, Ti adhesion layer, and TiN layer can be
identified. The numbered circles mark the areas from which the corresponding
SAED patterns, shown at the top of each panel, were acquired.

The purpose of the positive bias is to repel the positively
charged ions. In the present case, Ti is more readily ionized than N
and N,, and the degree of ionization of the Ti flux arriving at the
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FIG. 11. 26-w XRD (Cu Ke) scan for the reference samples deposited at con-
ditions corresponding to (a) A10, (b) B2, and (c) B5. The peaks are indexed
using the powder diffraction files number PDF 00-027-1402 for TiN, PDF
00-044-1288 for Ti.*'

sensor position is expected to be significantly higher than that of N
and N,.”* Consequently, the removal of ions from the flux arriving
at the QC will lead to a stronger reduction of the total Ti flux com-
pared to the total N and N, flux; thus not only resulting in a
decrease in the Ti deposition rate, but also in a shift of the compo-
sition of the flux arriving at the QC in favor of nitrogen.

Compared to the grounded case, the positive bias also elimi-
nates ion bombardment, which would otherwise be expected to
influence film growth,”* by, e.g., increasing adatom mobility" or
enhancing reactivity.'

An additional factor is the significantly increased sticking
probabilities of N* and N compared to corresponding neutral
species. The sticking probability of N on TiN, has been found to
be strongly composition dependent, ranging from Sy ~ 0.1 for x = 0
down to Sy ~ 0.003 for x > 1, while that of N, is usually assumed
to be much smaller still.”>** The incorporation of nitrogen could also
be affected by secondary factors, such as changes in microstructure
due to altered growth conditions or differences in the substrate tem-
perature caused by changes in thermal loads from condensation,
kinetic bombardment, and the substrate current.

Of the listed effects, we expect the main factor to be the differ-
ence in degree of ionization between nitrogen and Ti, leading to a
reduced F%)Ctoml / Fgfma] in the biased case. This would be in agree-
ment with the present results: the positive bias is observed to lead to
an increase in [N], o, which is furthermore larger at higher Fin fux
(stronger reduction in the Ti flux compared to the N flux). Inversely,
& T 4 the difference in composition is expected to be small at low Fim flux.
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2. Influence of the composition on the IFF
measurement

FIG. 10. HAADF-STEM cross-sectional images for the reference samples

deposited at conditions corresponding to (a) A10, (b) B2, and (c) B. Some considerations regarding the influence of the composi-

tion on the IFF measurements have already been noted in

J. Vac. Sci. Technol. A 43(6) Nov/Dec 2025; doi: 10.1116/6.0004874 43, 063004-10
© Author(s) 2025


https://pubs.aip.org/avs/jva

JVST A

Journal of Vacuum Science & Technology A

100
3
3
B 75}
'g‘ — AINy (my/ma =~ 0.5)
-, — TiNy (mn/mmi ~ 0.3)
TaNy (my/mr, ~0.1)
50 : : : : :
0 10 20 30 40 50 60
[N] [at.%]
— 1 e RO S
T ==
-
g 0.95 ¢ —AIN,, A[N|=5at.% [
=] TiN,, A[N] = 1at.%
2. 0.9L|—TiNy, A[N] =5at.% ~
E¥ - -TiN,, A[N] = 10at.% S
g TaN,, AN] = 5at.% AN
“=0.85 : : - ' '
0 10 20 30 40 50 60
[N]&d [at.%)
25 — : : ‘
_ S~ - TiN, A[N] = 1at.%
2 20+ \\\0 —TiN, A[N] =5at.% 1
15 =~ o - -TiN, A[N] = 10at.% (C)i

0 20 40 60 80
-th,ﬁux [%]

FIG. 12. lllustrations of the effect of differences in composition on the measured
ionized flux fraction: Panel (a) shows the dependence of the target metal weight
fraction [tm],, on the nitrogen atomic fraction [N],, for binary compounds with
metals of increasing atomic weight; panel (b) displays the ratio [tm]ﬁ’v'fs / [tm]g,;‘.1
as a function of the grounded nitrogen atomic fraction [N]g{f1 for the same three
compounds and assuming some fixed difference in nitrogen content A[N]; panel
(c) shows the systematic error of the uncorrected measurement AFy, qux @s a
function of the real ionized flux fraction Fim gux for different [tm]ﬁ’v'fs / [tm]g,;‘.1
(dashed, labeled lines) as well as three examples corresponding to stoichiomet-
ric TiN being deposited in the grounded case with increasing differences in nitro-
gen content A[N].

Sec. IT A 2. In particular, the measurement depends on the target
metal weight fraction [tm],, rather than the atomic fraction
[tm], , which is less sensitive to changes in atomic composition the
higher the ratio between the atomic mass of the metal and that of
the reactive gas. To illustrate this, [tm],, is shown in Fig. 12(a) as a
function of [N],, for three industrially relevant binary nitrides with
metals with increasing atomic weight—AIN, (my/ma >~ 0.5),
TiN, (mn/mr; =~ 0.3), and TaN, (my/mr, =~ 0.1)—and assuming
other elements are not present in relevant amounts. For the stoi-
chiometric compounds ([N] = 50 at. %), the target metal makes up
93 wt. % in the case of TaN, 77 wt. % in the case of TiN, and
66 wt. % in the case of AIN. Accordingly, the compositional correc-
tion is of lesser importance for heavy target materials, e.g., Hf, Ta,
or W, and more important for light target materials, e.g., Al or Si.

ARTICLE pubs.aip.org/avs/jva

Furthermore, the measurement depends on the target metal
weight fraction [tm],,; only indirectly through the ratio

[tm]&fﬁs / [tm]%ff_], which further reduces the sensitivity to the differ-
ence in composition, and more so at lower reactive gas content.
Figure 12(b) shows [tm]a,iﬁs/ [tm]ﬁf{1 as a function of [N]Ef'd for
again AIN, TiN, and TaN assuming a difference in N content
A[N] = [N]?® — [N]&9 = 5at.%, as well as for TiN assuming

at.
A[N] =1 at. % and A[N] = 10 at. %. The effect of the difference in
composition is lowest at very low [N] and becomes higher as the N
content increases. The comparison between the TiN cases assuming
a varying A[N] with the cases with varying mass ratios my /My
serves to further illustrate the sensitivity reduction for heavier
target metals.

Recognizing that

. [tm]o -
Ffr; flux — + [tm]‘grtd (1 - th, ﬂux)’ (9)
wt.

the compositional correction Aﬁtmﬂ flux = l:";; P th‘ fux can be
expressed as a function of [tm]'c;ﬁs/ [tm]%; and the corrected or

uncorrected measurement value,

) . [tm]Pi
If—;cc [tm]svita‘S o 1
tm, ﬂux) m - )

As illustrated in Fig. 12(c), for a given [tm]"/ [tm]ﬁf, the compo-

sitional correction increases at low Fiy flux = FfI; flux
but especially in relative terms. This is a general issue with inferring
I'im,ion from the difference between Iy ol and TI'im neutral>
meaning that QCM-based Fy, fux Mmeasurements are inherently
more sensitive to measurement errors at lower Fy, gux—errors due
to differences in composition are simply a special case. Inversely,
Fig. 12(c) also shows that at high Fin fux, AFim, fux becomes
smaller. For example, stoichiometric TiN (IN]&9 ~ 50 at. %) with

an P fux = FS 5 = 50%, [N] < 70 at. %,

tm, flux
[N]® > [N]&Y, and thus, A[N]<20at.%, Eq. (10) vyields
AFum, flux < 15.1 pp or 8Fip fux < 30%.

While at fixed [tm]l’jﬁs / [tm]%vrf, the composition correction
Aﬁm flux increases with decreasing Fm fux, as per the discussion in
Sec. IV A 1, differences in [tm],, are also expected to become smaller
at lower Fyy fux. Therefore, the correction is expected to have the
largest effect at moderately high Fi, gux. This is the case for the results
obtained for the discharges investigated here (see Table II). The differ-
ence is largest for B5 at Al:"m flux = 6.5 pp (Fe = 51.7%), fol-

tm, flux
lowed by B2 at AFy, gu = 6.1 pp (IA:;;’ qux = 21.6%), and A10 at
AFyn gux = 1.0 pp (FE 4 = 16.2%).

(10)

in absolute

assuming
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3. Effect of ignoring the composition

The illustrations in the previous section used A[N] > 0, which
is in agreement with the experimental observations for TiN.
Assuming these results are general and that the reactive gas content
is thus consistently higher in the positively biased case, failing to
correct for the composition difference would lead to a systematic
underestimation of the target metal ionized flux fraction in reactive
processes. By considering a maximum reactive gas content—or
equivalently, a minimum target metal weight fraction [tm]™" —for
the formed film and formalizing the argument about the maximum
difference in composition based on the ionized flux fraction, an

upper bound for the error Al:"tm, fux < AF™X ag a function of the

tm, flux
measured th, fux can be established. The resulting upper bounds
assuming three different [tm]™"—roughly corresponding to the
values of [tm],, at [N] =70 at. % for AIN, (0.45 wt. %), TiN,
(0.60 wt. %), and TaN, (0.85 wt.%)—are shown in Fig. 13.

Depending on [tm]m", F™¥% s found to be largest around

th, flux =~ 40%——50% with maximum values ranging from =~
20 pp for AIN to >~ 13 pp for TiN and only >~ 4 pp for TaN. The
compositional corrections Aﬁtmﬂ aux for the three measurements,
A10, B2, and B5, performed as part of the current work are also
marked and found to be close to Al:"{;‘j"ﬂux for the measurements in
series B.

Tonized flux fraction measurements have previously been per-
formed in the reactive case by Kubart et al."* and by Tiron et al..**
Kubart et al. used both magnetically shielded and gridded QCMs
to investigate ionization in HiPIMS of Ti in an Ar/O, atmosphere.
In particular, they compared operation in metal and oxide mode at
the same peak pulse power, measuring a significantly increased
ionized flux fraction in the latter case, reaching a maximum value
l:"tm, fux = 68% at 2kW cm 2" In comparison, for series A

30 : : :
— AFzs L [om]m = 0.45 (~AIN,)
o5 | |[— A« [tm]i = 0.60 (~TiN,)
AFpe - [bm]mi = 0.85 (~TaN,)
=20t
A
o]
£15}
E
< ol
| . B2 o B
A10
0 . : : -
0 20 40 60 80 100

th,ﬁux {%}

FIG. 13. Estimated upper bounds on the compositional correction based on
Eq. (A9) for binary nitrides with @ minimum target metal weight fraction [tm]\,"}t‘_n
approximately corresponding to AN, (0.45 wt. %), TiN, (0.60 wt. %), and TaNy
(0.85 wt. %) assuming a maximum nitrogen content of [N]™ = 70 at. %. Also
shown are the actual compositional corrections for the three investigated TiN
measurements.
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explored here, there was little to no difference in ionized flux frac-
tion between operation in metal (AO) and poisoned mode (A10),
while for series B, a large increase was also noticed. The peak dis-
charge power was, however, not held constant, and the increase
from BO to B5 can, therefore, likely in large part be attributed to
the significantly higher peak discharge current density reached for
B5. Tiron™ also used a g-QCM to determine Rm, flux in reactive
HiPIMS of Ti in an Ar/N, atmosphere using per-ionization and
very short pulses. When varying the pulse length and configuration
at fixed nitrogen mass flow, they measured I:"tmy aux values between
20% and 52%, however also not taking possible differences in com-
position into account.* Assuming a similar behavior as seen in the
present work, correcting for the composition would result in even
higher values in both studies.

B. Problems and improvements

In order to ensure the same conditions for both measure-
ments, the biased and grounded layers were deposited on the same
QC. Depth-resolved compositional analysis using IBA requires the
samples to have a low surface roughness and specialized QCs had
to be used. The very low roughness of the Au electrodes, however,
likely contributed to the significant adhesion issues encountered
during some of the experiments. Using QCs with, e.g., Ti or Cr
instead of Au electrodes would likely alleviate these problems while
simultaneously removing the issue of primary iodine beam ions scat-
tering on the heavier Au atoms in ToF-ERDA. In case the deposition
system is equipped with multiple cathodes, a further improvement
would be to use a different metal with a high mass contrast, e.g., Al
when investigating TiN,, for the bottom, separating, and capping
layers, further simplifying the compositional analysis. Finally, since
the surface of the growing film needs to be biased in order to repel
ions, it is unclear how well the proposed method could be adapted

for nonconductive materials such as HfO,. The progressive growth ¢

of a dielectric film might result in a loss of charge-selectivity,
meaning that assumption A2 would no longer hold.

C. Generalization to multiple element processes

In the present work, the procedure outlined in Sec. IIB3 is
applied to reactive deposition involving a single target metal
However, it should be straightforward to apply to determining the
individual ionized flux fractions of multiple elements, e.g., when sput-
tering from an alloy target or from multiple sources in order to create
multicomponent thin films, as long as assumptions .A2-.46 outlined
in Sec. IT A are satisfied individually for the elements of interest.

V. CONCLUSION

In the present study, we have proposed an improved method
for determining the degree of ionization of the target metal flux in
reactive physical vapor deposition, which takes the composition of
the deposited films into account. By applying the new method to
characterize three different discharges, we have checked both feasi-
bility and necessity. The results showed that, at least for the mate-
rial system and conditions explored here, the films grown with a
positive applied bias have a higher reactive gas content. This means
that without compositional correction, the real target metal ionized
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flux fraction is systematically underestimated. Based on this, we limit the compositional correction. A low Fiy, gux upper bound on

have established an upper bound on the corresponding error, AFyn. gux can be established by finding an upper limit on [tm]%%.
which can potentially be used to assess the necessity for composi- Again starting with the assumption that the incorporation of
tional correction. The expected errors are larger for lighter target elements other than the target metal () and reactive gas (rg) into
metals and moderate target metal ionized flux fractions. the coating is negligible (assumption .A1),
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Following the relations outlined in Sec. II A, the rates at which
mass from target metal tm and reactive gas rg atoms are incorpo-
rated into the coating can, in turn, be expressed as
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Ff\::l:/’:as =(1-F tm/rg,ﬂux) rgnc/fgd (A4)
APPENDIX: UPPER BOUND ON COMPOSITIONAL
CORRECTION Finally, combining Eqs. (A2)~(A4) and replacing [rg]& = 1 — [tm]&
1. General upper bound ... yields a complete expression for the target metal weight fraction ratio

As discussed in Sec. IV A2, the error of the established bias\ —1 gbies grd P
method compared to the improved method AF, quy [Eq. (10)] cor- [em]ye — [tm]®9 4 (1 — [tm]®¢) =2 St{“ hﬂ. (A5)
X . s A .- grd wt. wt. ) grd Shias] _
relates negatively with Fi, fux, limiting the maximum deviation at [tm]5;. Sz Otn tm, flux

high Fiy . In particular, assuming [tm]?}tas < [tm]ﬁ,r:l, which is o obias _ cgrd . .
the case at least for the discharges studied here, and some lower Further assuming Spz* = Sy, (assumption A3) and setting Frgux = 0

min and ngi“ = S%d, finally, gives

limit on the target metal content [tm]&fﬁs > [tm];" yields an upper
bound for high Fim_ flux -1
bias
t —
(E;]];«J < (o) + (1= (o)) (1= P ) " (46)
wt.

[tm]'::;“} 1_1>. "

Aﬁtm, flux < (1 — Fim, ﬂux) ( [tm]grd
wt.

which is an upper bound assuming S?gias < S%d. This assumption is

Following the argumentation in Sec. IV A 1, at low Fyy, fux the dif- justified, at least in the present case, based on the discussion in
ference in composition is expected to decrease, which should also Sec. IV A 1. The probability for an individual reactive gas atom to be
J. Vac. Sci. Technol. A 43(6) Nov/Dec 2025; doi: 10.1116/6.0004874 43, 063004-13
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incorporated into the growing film is lower on an individual level,
since the ions, which have a higher sticking probability, are removed
from the flux, and on a global level, since the sticking probability
decreases with increased reactive gas content in the growing film,”**
and we expect [tm]&jﬁs < [trn]gf. Indeed, Eq. (A6) represents the sce-
nario where, among the effects described in Sec. TV A 1, only the
change in target metal flux is considered, while the effects of changes
in reactive gas flux, sticking probability, and ion bombardment are
neglected.

Inserting Eq. (A6) into the expression for Al:}m, flux [Eq. (10)]
and replacing Fj; o, flux. = Fem, fluxs finally, also gives an upper bound
on Ath flux for low Fim, flux

AIA:‘tm7 flux S (1 - [tm]gtd) th, flux - (A7)
By equating the two upper bounds Eqs. (A1) and (A7), solving for
[tm]wtd, and substituting the resulting expression into Eq. (A7), a
more general upper bound AF, > APy flux that does not

rd . tm ﬂux
depend on [tm]%; is obtained,

[tm] min

1_th,ﬂux(

A8
[tm] mm) ) ( )

To provide a more intuitive explanation of the general upper bound,
the derivation of Eq. (A8) is illustrated graphically in Fig. 14.

AF " = Fum, flux (1 -

2. ... as a function of Fim_ flux

For practical purposes, an error estimate based on Rm_, fux 1S
more useful. Using Fyn, flux Fm aux and Egs. (9) and (A5) can be
expressed as a function of th, fluxo

) o 4
[tm]\btta.s ([tm]grd) _ (([tm]%:td>_l—1) Sréas Stgs-‘ 1 —AFrg,ﬂllX ,
[tm]% ' SESE 1 — P, ux

which, when inserted in Eq. (10), yields a low th’ flux upper bound

by again neglecting Fyz gy and assuming equal sticking coefficients
in the biased and grounded case,

-1 .
Ath ﬂux (([tm]grd) _1) th,ﬂux-

Similar to Eq. (A1), a high th’ fux upper bound is straightforward
based on Eq. (10),

. . [tm]mm
AFm uxS 1_th. ux 11—
ot < {1~ Fog )< Ltm]iﬂfl])

and combined upper bound can be obtained using a similar
approach as for Eq. (A8), finally, yielding

1
7 == T min L.
th, flux th,ﬂux + (1 - th,ﬂux) [tm]

(A9)
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th,ﬁux [%]

FIG. 14. lllustration of how the general upper bound [Eq. (A8)] is obtained: The
dotted and dashed lines emanating from either end of the x-axis represent the
two upper bounds Eqgs. (A7) and (A1) for different [tm]ﬂf. The left-hand upper
limit is due to the limited expected A[N] at low Fim, ux, and the right-hand upper
bound is a consequence of the decreasing effect of A[N] at high Fi fux. The
shaded triangular areas spanned by each pair of low and high Fiy, fux Upper
bounds define the regions wherein the correction is expected to lie for a given
[tm]%. The maximum value of the correction for any given [tm], here marked

with a black cross labeled with the corresponding [tm)% for the values used in
the illustration, is at the tip of the respective triangles. The general upper bound

AFQ?’;UX (solid line) is then obtained as the curve defined by the maximum

; d
points for all possible [tm]a,'t.

It should be noted that all upper bounds presented here rely
on the assumption that [tm]blas < [tm]g , which seems to be the
case for TiN. There are, however, 1nsufﬁc1ent grounds to claim
general applicability.
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