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Hccneoosano enuanue 6uoa u coo0epiHcanus UHEPMHO20 2A3a-HOCUMeEIA HA IJ1eKMpodu-
3uuecKue napamempsvl NaA3mol XJa0pa, CMAyUOHAPHbIE KOHYECHMPAYUU AKMUGHBIX YACHUY U K-
Hemuky ux ezaumooeiicmeus ¢ ZrQ. 6 ycnosuax “mazkozo” peakmugHoO-UOHHO20 MPAGIEHUS.
Jlannbolii pexycum npeononazaem ucnoibzoeanue 6ojiee HU3K020, 4eM 00bINHO, OMPUHAMEIbHOZ0
cMeueHUs 0151 CHUMCEHUS IHEPZUL UOHHOU DOMOapoupoexu u oeghekmoodpazosanusn na oopaoa-
moieaemoii nosepxuocmu. Ilpu coemecmnom ucnonv3oeanuu OuAzHOCMUKU NAA3MbL C HOMOULbIO
301008 JIenzmiopa u 0-mepHozo MoOeaUPOBAHUA NIIAIMbBL NPOBEOCH AHAIU3 KUHEMUKU NPOUECCO8
obpazoeanus u cubenu AKMUGHBIX YACHUY 6 CMeECAX NEPEMEHHO020 HAUYAIbHO20 COCMAsA.
Haiioeno, umo ooobaska k xnopy Ar unu He npu nocmoannom oouem oasnenuu cmecu a) cRocoo-
cmeyem yeeiuueHur0 memnepamypsl U KOHUeHmpauyuu 3j1eKmpoHos; ) evi3vléaem pocm che-
nenu ouccoyuayuu monexyn Clz 3a cuem yckopenus npoueccosé noo oericmeuem 31eKmpoHHO20
yoapa; u 8) uHmMeHCUGUUUPYyem UOHHYI0 60MOAPOUPOBKY 3a cuem U3MEHEeHUs HJIOMHOCmU HOo-
MOoKa UOHO06. DKCnepUMeHmbl NOKA3ANU, YUMo cKopocmb mpaesnenusn ZrQ, onpedensemcs, 6 oc-
HOBHOM, XUMUYECKOU COCMAGNAIOWell, HO He KOPPeIUupyem ¢ U3MEHeHUeM NAOMHOCMU NOMOKA
amomoe xnopa. Taxkaa cumyayus o3navaem, 4mo a) OOMUHUPYIOUWUM MEXAHUIMOM MPAGICHUS
ZrO; agnsaemes UOHHO-CIUMYIUPOBAHHAA XUMUYECKAS PeaKyus u ) yeenuuenue I¢hhexmusnoii
8EPOAMHOCIU IMOIL PEAKUUU 8 CMECAX C 8bICOKUM coleprcanuem Ar unu He ompasrcaem ycko-
peHue UOHHO-UHOYYUDPOBAHHBIX 2eMEPO2eHHbIX I Phekmos, makux Kak pazpyuienue ceaszeii Zr-O
u/unu decopouus cnadvonemyuux coeounenuit ZrCly. bonee nuzkoe omnowienue niomuocmei no-
MOKO0G HellmPANbHBIX U 3APAHCCHHBIX YACMUY, HADII00aeMoe npu pa3dasieHuu Xaopa apzoHom,
noseonaem npeononoxcums 6onee anuzomponnoe mpaenenue. Ilokazano, umo ommeuennsle
0COOEHHOCHU YBEPEHHO COXPAHAIOMCA 6 Ouanazone oasnenuil 4—12 mmop u mowynocmeii cmeuje-
Hua 100-300 Bm.
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In this work, we investigated the influence of inert carrier gas on electro-physical plasma

parameters, steady-state densities of active species and kinetics of their interaction with ZrO, under
the condition of “soft” reactive-ion etching in chlorine. This regime assumes the lower-than-usual
negative bias voltage in order to reduce both ion bombardment energy and etched surface damage.
The combination of plasma diagnostics by Langmuir probes and 0-dimensional plasma modeling
allowed one to analyze formation and decay kinetics for neutral and charged species at various gas
mixing ratios. It was found that the mixing of Cl, with Ar or He at constant total gas pressure a)
causes an increase in both electron temperature and plasma density; b) increases the Cl; dissocia-
tion degree through the acceleration of electron-impact processes; and c) intensifies the ion bom-
bardment by the change of ion flux. From etching experiments, it was found also that the ZrO;
etching rate is mostly composed by its chemical component, but does not correlate with the change
in the CI atom flux. The latter reveals that a) the dominant ZrO; etching mechanism is the ion-
assisted chemical reaction and b) an increase in the effective reaction probability toward Ar or He
rich plasmas reflects the acceleration of ion-induced heterogeneous effects, such as the destruction
of Zr-O bonds and/or the desorption of low-volatile ZrCly compounds. The lower neutral/charged
ratio obtained in Ar-containing plasma allows one to assume the more anisotropic etching. It was
shown that above findings are surely valid in the pressure range of 4-12 mTorr as well at bias
powers of 100 — 300 W.

Keywords: Cl,, Ar, plasma, parameters, active species, ionization, dissociation, etching, reaction

probability

INTRODUCTION

Reactive-ion etching (RIE) processes are the
well-known tools for “dry” cleaning and patterning of
numerous materials used in the microelectronic device
technology. The main idea of RIE is to combine phys-
ical (the sputtering of surface atoms by energetic ions)
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and chemical (the gasification of surface atoms in a
form of volatile reaction products) etching pathway
that provides the flexible adjustment of output process
characteristics [1-3].

Though historically the dominant role in RIE
technology belongs to fluorine-containing gases, there
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are many materials which form very low or non-vola-
tile fluorides at typical process temperatures. Nearest
examples are 111-V group semiconductors (GaAs, InP)
and some metals (Cu, Al, Mo, Ti) used for intercon-
nection purposes. That is why corresponding etching
processes are frequently realized using chlorine-based
gas chemistries, and particularly with Cl, plasma [4, 5].
The main feature of Cl, plasma under typical RIE con-
ditions (gas pressures below 10 mtor and plasma den-
sities above 10%° cm [5]) is high dissociation degree
for chlorine molecules that surely leads to [CI] >> [Cl]
[6]. Accordingly, an excess of etchant species causes
extremely high etching rates, results in the nearly iso-
tropic etching profile, increases surface roughness [2, 3]
as well as damages reactor chamber and pumping
equipment. In order to reduce above effects, Cl. is al-
ways combined with noble carrier gas, mostly with Ar.
That is why many experimental and theoretical works
were focused on various aspects of plasma chemistry
and etching kinetics in Cl, + Ar gas mixture, including
effects of gas mixing ratio [7-11]. The most important
findings were that the addition of Ar a) disturbs the
electron energy distribution function; b) influences the
ionization/recombination balance resulting in increas-
ing plasma density; and c) intensifies both chemical
and the physical etching pathways through the growth
of ion flux. All these allow one to use Ar-rich gas mix-
ture without the loss in plasma chemical activity. On
this background, the much less attention was attracted
to Cl; + He plasma, and there are no studies where
these two carrier gases were compared under identical
operating conditions. At the same time, the interest to
He is due to high heat conductivity coefficient [12] that
provides the effective heat transfer from gas to cham-
ber walls. Obviously, this flattens gas temperature and
density profiles that may be important for increasing
etching uniformity. Therefore, the comparative study
of Cl, + Ar and Cl, + He plasmas is the somewhat im-
portant task to ensure the correct choice of carrier gas
according to given process requirements.

Another important feature of modern times is
that the electronic device technology involves many
new materials with advanced characteristics. One of
such materials is ZrO, which exhibits high (above 20)
dielectric constant, a wide (above 5 eV) and close ther-
mal expansion coefficient with silicon [13, 14]. All
these mean that ZrO, has the evident potential to re-
place silicon-based dielectrics in gate structures of
field-effect transistors. Previously, several authors
have attempted to investigate the features of ZrO; etch-
ing process using various gas chemistries, including
chlorine-containing gases (see, for example, Refs.
[15-18]). In the last case, the principal findings were
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that a) the etching kinetics corresponds to ion-flux-lim-
ited regime and is characterized by typical rates of tens
nm/min; b) the etching process is accelerated in the
presence of BCls; and ¢) the plasma-treated surface is
always contaminated by ZrClx compounds. Unfortu-
nately, most of existing works had the purely experi-
mental nature and thus, did not provide the analysis of
obtained effects in connection with plasma parameters
and plasma chemistry. In such situation, any conclu-
sions on etching mechanisms have the rather sugges-
tive value and may be valid for a given reactor only.
Therefore, the understanding of etching mechanisms
and optimization of RIE regimes for ZrO, thin films
remain to be an important task to improve the technol-
ogy and thus, to increase the final device performance.

The general idea of given work was to compare
Cl, + Ar and Cl, + He plasmas as sources of active spe-
cies as well as to investigate how corresponding differ-
ences (if those really do exist) are reflected on ZrO;
etching process under “soft” RIE conditions. The
“soft” RIE assumes the lower-than-usual negative bias
voltage in order to reduce both ion bombardment en-
ergy and etched surface damage. In fact, the similar
task was the subject of our previous study [19] and
some reasonable conclusions in respect to both plasma
chemistry and etching kinetics have been made. At the
same time, the weakness of above study is the low at-
tention to details which may be important for both ver-
ification of model-predicted data and interpretation of
various process mechanisms. Particularly, the some-
what critical points are a) no data and discussion on
charged species kinetics and ionic composition; b) no
comparison between model-predicted and measured ClI
atom densities, except their relative trends; and c) no
understanding of both contributions of physical and
chemical etching pathway to the total ZrO, etching rate
and behavior of effective probability of ion-assisted
chemical reaction. At the same time, the latter brings
the valuable information about external factors influ-
encing etching kinetics and determining the etching
mechanism. In addition, Ref. [19] reported on effects
produced by only one variable parameter and for the
reactor with quarts chamber wall that is not typical for
modern RIE equipment. Obviously, such situation lim-
its the applicability of corresponding data for the real
etching process control. That is why the main focus of
given study was to clean-up above questions in order
to improve the knowledge on the selected combination
of gas system and etched material. Another topic of es-
sential interest was to compare both plasma parameters
and ZrO, etching kinetics obtained with different
chamber wall materials. Accordingly, experiments dis-
cussed below were conducted in the same with Ref.
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[19] etching reactor (except the Al.Os side wall instead
of the quartz one) as well as covered the same range of
processing conditions.

EXPERIMENTAL AND MODELING DETAILS

Experimental setup and conditions

Both plasma diagnostics and etching experi-
ments were performed in the planar inductively-coupled
plasma (ICP) reactor known from our previous works
[7, 20]. Reactor had cylindrical (r = 16 cm, 1 = 13 cm)
chamber made from anodized aluminum. The top side
of the chamber was sealed by 20 mm-thick quartz win-
dow, and the flat 5-turn copper coil was located above
it. The bottom side was limited by the chuck electrode
used as a wafer holder. Plasma was excited in Cl, + Ar
and Cl; + He gas mixtures using the 13.56 MHz power
supply at constant total gas flow rate (q = 40 sccm) and
input power (W = 600 W). Variable parameters were
represented by gas pressure (p = 4-12 mtor) and chlo-
rine/inert gas mixing ratio which was set by adjusting
partial gas flow rates for mixture components. In the
first experimental series, the gas pressure was fixed at
p = 6 mtor while an increase in the carrier gas flow rate
from 0-32 sccm corresponded to the transition from
pure Cl, to 20% Cl, + 80% Ar or He gas mixture. In
the second experimental series, we took gas mixtures
with 60% of carrier gas and varied the gas pressure in
the range of 4-12 mtor.

Electro-physical plasma parameters were ob-
tained by a double rf-compensated Langmuir probe
(LP) with using the DLP2000 (Plasmart Inc.) tool. The
probe head was installed through the chamber wall-
side view port, placed at 4 cm above the chuck elec-
trode and centered in the radial position. The treatment
of measured current-voltage (I-V) curves was based on
well-known statements of Langmuir probe theory for
low pressure plasmas [5, 21]. As a result, we obtained
electron temperature (T¢) and ion current density (J+).
One and the same experiment was reproduced up to
5 times with the averaging of corresponding data.

Steady-state densities of Cl atoms were deter-
mined by the optical emission spectroscopy (OES) in a
combination with the conventional actinometry ap-
proach [22, 23]. For this purpose, plasma emission
spectra were monitored using the grating spectrometer
AvaSpec-3648 (JinYoung Tech) in the range of 200-
800 nm. For analytical purposes, we selected two well-
known atomic lines, such as Ar 750.4 nm (en= 13.5 eV)
and Cl 754.7 nm (en = 10.6 eV). Since the Cl, + Ar
plasma already contains a known amount of Ar ([Ar] =
=yarN, where N = p/ksTgss is the gas density at the tem-
perature of Tgs), no special actinometer gas was
needed. In the case of Cl, + He plasma, we additionally
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introduced 2 sccm of Ar that corresponded to yar =
= 4.8% Ar. In preliminary LP experiments, it was
found that the given amount of Ar does not disturb
plasma parameters (at least, in the extend exceeding
the standard experimental error) and thus, does not in-
fluence the Cl atom kinetics. Previously, several works
have mentioned that the excited state corresponded to
Cl 754.7 nm line (as well as for any other line appear-
ing in the “red” region of 700-800 nm) may also be
populated by the dissociative excitation of Cl, mole-
cules [24, 25]. When summarizing existing data, one
can understood that a) the contribution of last process
to the total Cl atom excitation rate decreases with in-
creasing dissociation degree for Cl, molecules, a; and
b) when neglecting the dissociative excitation, the for-
mally acceptable error of 10% or less requires o ~ 30-
35% or more that corresponds to [CI] > [Cl,]. Accord-
ing to Refs. [26-28], the last condition is a kind of typ-
ical case for low-pressure (p < 20 mTorr) and high-
density (ne > 10'° cm™®) Cl, plasmas. That is why Hsu
et al. [29] reported the fairly good agreement between
Cl atom densities measured by mass-spectrometry and
optical actinometry using Ar 811.5 nm (en = 13.1 eV)
and Cl 725.7 nm (g = 10.4 eV) lines at p = 10 mTorr
and W = 150 W that corresponded to ne ~ 3x10'° cm3.
Taking into account that our processing conditions also
normally provide ne > 10'° cm2 and [CI)/[CI;] > 1 [7, 20],
we determined the Cl atom density as
[Cl] = YArNCa(lclllAr), (1)
where | are measured emission intensities, and C, =
= (Aarkex clAr)/ (AciKex adAAr) IS the actinometrical coef-
ficient that depends on corresponding wavelengths (1),
excitation rate coefficients (kex) and optical transition
probabilities (A). Excitation cross-sections for Cl and
Ar atoms needed to calculate ke, were taken from Refs.
[23, 30].
For etching experiments, we used fragments of
Si(100) wafer with preliminary deposited 130-nm
thick ZrO; film. The film was produced by the plasma-
enhanced atomic layer deposition (PEALD) method
described in Ref. [31]. Etched samples with an average
size of ~ 2x2 ¢cm were placed in the center of the chuck
electrode. The low sample size allowed one to neglect
both loading effect and disturbance of plasma parame-
ters by the etching products. Accordingly, we obtained
no differences in ZrO; etching rate and plasma diag-
nostics data with increasing number of loaded samples.
The chuck electrode was equipped by the water-flow
cooling system that stabilized its temperature at ~ 20 °C
during the “plasma on” time. In addition, the electrode
was powered by an independent rf 13.56 MHz genera-
tor to produce the negative bias voltage. The bias
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power Wy was varied in the range of 100-300 W in
order to adjust the negative dc bias voltage and thus, to
control the ion bombardment energy. The beginning of
this range was especially set to be lower than typical
values used for RIE processes of other materials [4, 5].
The main goal was to cover the so-called “soft” etching
condition featured by reduced ion bombardment en-
ergy in order to minimize surface damage. In fact, this
is a kind typical requirement which helps to avoid the
degradation of dielectric properties for high-k dielec-
trics [13]. The ZrO; etching rates were determined as
R = Ah/t, where 7 is the processing time, and Ah is the
etched depth. The latter was measured using a surface
profiler (Alpha-step 500, Tencor). For this purpose, we
developed the line striping of the photoresist AZ1512
with the line/space ratio of 2 um/2 um.

0-Dimensional plasma model

To obtain the information on densities of
plasma active species, we applied a simplified 0-di-
mensional (global) model. The latter solved the system
of chemical kinetic equations in the seven-component
approximation (Cly, Cl,*, Cl, CI*, Cl', X and X*, where
X = Ar or He) with using the LP diagnostics data as
input parameters. As outputs, the model yielded
steady-state densities of plasma active species and their
fluxes at the plasma/surface interface. Both modeling
algorithm and Kkinetic scheme (the set of reactions with
corresponding rate coefficients) were verified in our
previous works [10, 32, 33]. Basic assumptions were
as follows:

1) The electron energy distribution function
(EEDF) has the nearly Maxwellian shape. The reason
is the sufficient role of equilibrium electron-electron
collisions under the condition of high ionization degree
for gas species (n:/N > 10, where n. is the total posi-
tive ion density). Accordingly, rate coefficients for
electron-impact reactions appear in a simple algebraic
form of k = AT.Bexp(-C/T) after the integration of
Maxwellian EEDF with known process cross-sections
[7, 34].

2) The relationship between measured J. and
total density of positive ions is assumed as J:. =
~ 0.61en.(eTe/m;)*2 [5], where my is the effective ion
mass. The last parameter may be evaluated through
individual masses of dominant positive ions, as was
suggested in Refs. [10, 32].

3) The heterogeneous loss of Cl atoms follows
the first-order kinetics with the nearly constant recom-
bination probability, yr. The indirect proof is the nearly
constant temperature of external chamber wall that al-
lows one to expect the negligible change in the internal
wall temperature. At the same time, we accounted for
the weak sensitivity of yr to [CI]/[Cl;] ratio, as was
suggested in Refs. [28, 35].
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Approaches for the analysis of etching kinetics

Basic features of heterogeneous processes ki-
netics under reactive-ion etching conditions in non-
polymerizing halogen-containing plasmas have been
discussed in several works [19, 36-38]. Corresponding
conclusions in the framework of our case may briefly
be summarized as follows:

1) Measured etching rate R represents the su-
perposition of physical sputtering (Rpnys) and heteroge-
neous chemical reaction with chlorine atoms (Rchem).
The second component may appear in either spontane-
ous or ion-assisted forms depending on the nature of
both etched material and reaction products.

2) The rate of physical sputtering (as well as
the rate of ion-stimulated desorption of low volatile re-
action products) Rpnys = YsI'+, where Ysis the process
yield (particle per incident ion), and T. =
~ hin.(eTe/m)*2 is the ion flux. The dimension-less
correction factor for the ion density on the plasma
sheath edge hy is given by the low-pressure diffusion
theory [5]. Taking into account that Y's is proportional
to momentum transferred from incident ion to the sur-
face atom [39], the relative change in Ryns may be
traced by the parameter (migi)Y?I"+ characterizing the
ion bombardment intensity. The required ion bombard-
ment energy &i may be evaluated as & = e|-Ugc-Uy|,
where -Ugc is the negative dc bias voltage, and -U, is
the plasma potential [5].

3) The rate of heterogeneous chemical reaction
Rehem = yrL cI, where ¢ = 0.25[C|](RTgas/TtMc|)1/2 is the
Cl atom flux, and vr is the effective reaction probabil-
ity. The latter mainly depends on the surface tempera-
ture, but may also be sensitive to the ion bombardment
intensity. Corresponding mechanisms which produce
somewhat opposite effects are a) the ion-stimulated de-
sorption of etchant species in prior to their interaction
with surface atoms; and b) the production of free ad-
sorption sites for etchant species due to both breaking
chemical bonds between surface atoms and sputtering
of low volatile reaction products.

RESULTS AND DISCUSSION

Fig. 1 illustrates how variable processing con-
ditions influence electrons- and ions-related plasma
parameters. In preliminary experiments, it was found
that the change in bias power from 100-300 W at W, p
= const does not disturb both raw 1-V curves and de-
rived data. In fact, this phenomenon reflects the basic
feature of ICP etching system to provide the independ-
ent control for ion flux and ion energy [5]. That is why
only the data related to the content of carrier gas and
gas pressure are plotted. Though the effect of pressure
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itself is not a principal focus of this study, correspond-
ing data may be useful to demonstrate that findings re-
lated to carrier gases are valid not only for a single
combination of processing conditions. In addition, as
most of effects exhibit similar trends with those ob-
tained earlier for Cl, + Ar plasmas [6-10], below we
provide only brief comments with attracting the atten-
tion to differences between two gas systems:

1) Electron temperature exhibits the growth
with increasing content of carrier gas (Fig. 1(a)), but
decreases toward higher gas pressures (Fig. 1(c)). The
general reason for the first effect is a decrease in the
overall electron energy loss due to decreasing fraction
of molecular component. Really, Cl> molecules are
featured by the very wide electron energy loss window
starting from their dissociation threshold of ~ 3.0 eV
[40, 41]. At the same time, first excitation potentials
for both Ar (~ 11.8 eV) and He (~ 19.8 eV) atoms ap-
pear to be much higher while corresponding process
are characterized by lower cross-sections [41]. That is
why the dilution of chlorine by any carrier gas shrinks
the electron energy loss range, lowers the energy ex-
change in a single collision and finally results in in-
creasing fraction of high-energy electrons in EEDF.
Accordingly, the stronger growth of T. in He-contain-
ing plasma is due to lower energy losses for both exci-
tation and ionization of He compared with those for Ar.
The change of Tevs. gas pressure surely reflects an in-
crease in electron energy losses due to increasing both
gas density and electron-neutral collision frequency. In
fact, this is a kind of universal rule of plasma chemistry
that does work independently on the type of working
gas [5].

2) Density of electrons demonstrates an in-
crease toward Ar- and He-rich plasmas (Fig. 1(b)), but
decreases vs. gas pressure (Fig. 1(d)). The phenome-
non of Ar and He contents becomes to be clear when
accounting for corresponding process kinetics repre-
sented in Fig. 1(e). In Cl; + Ar plasma, the total ioni-
zation frequency vi; = ki[Cl2] + k2[CI] + ks[Ar], where
k are rate coefficients for R1: Cl; + e —» Cl," + 2e, R2:
Cl+e — CI" + 2e and R3: Ar + e — Ar* + 2e, keeps
the nearly constant value at 0-80% Ar. The reason is
that a bit lower rate coefficient for R3 (~ 2.4x1071°
cm®/s compared with ~ 1.3x10° cm?/s for k; and ~
6.8x1071° cm?/s for k,) is compensated by its stronger
growth vs. T. due to higher threshold energy. Simulta-
neously, the rather small change in diffusion loss fre-
quency vgir meets the drastic fall in attachment fre-
quency vga = ka[Cl2] (where R4: Cl> + e —» Cl + CI)
due to decreasing content of Cl, in a feed gas and in-
creasing its dissociation degree. Taking into account
that vaa =~ vair in pure Cl; plasma, such situation corre-
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sponds to a sufficient decrease in the total electron loss
frequency and thus, causes the nearly proportional in-
crease in ne (by ~ 14 times for 0-80% Ar). In the Cl; +
+ He plasma, where the stronger increase in T takes
place, the parameter vi; also demonstrates the noticea-
ble growth, mostly due to changes in ki (2.4x107°-
4.3x10° cm¥s at 0-80% He) and k; (1.1x107%°-3.2x10°
cm®/s at 0-80% He). The contribution of third sum-
mand, ks[He], where R5; He + e — He™ + 2e, appears
to be much lower due to ks << ki, ko. At the same time,
vair also exhibits the strong growth following an in-
crease in the electron diffusion coefficient De = f(Te).
Such situation rapidly yields vgit >> vga, S0 that a de-
crease in vga has the only weak effect on the total elec-
tron loss frequency. That is why n. exhibits the much
weaker sensitivity to the content of carrier gas demon-
strating an increase by only ~ 4 times for 0-80% He.
As for the effect of gas pressure, it has the similar
mechanism for both gas systems. In particular, the tran-
sition toward higher pressures always lowers vi;
(3.7x10%-1.9x10* s at 0-80% Ar and 3.7x10%
2.4x10* st at 0-80% He, due to a decrease in all ioni-
zation rate coefficients together with Te) as well as
causes an increase in vqa, as an increase in the density
of source species for R4 takes place. Accordingly, this
corresponds to both decrease in electron formation and
increase in electron loss rate.

3) The total density of positive ions (Fig. 1(b, d))
always follows the behavior of ne, but also reflects the
change in plasma electronegativity. In particular, de-
creasing gap between n. and n. toward Ar and He-rich
mixtures (Fig. 1(b)) is due to decreasing n./ne (2.4-0.01
at 0-80% Ar and 2.4-0.07 at 0-80% He) that finally
leads to n+ = ne in pure noble gas plasmas. Accordingly,
the slower change in n. compared with ne vs. gas pres-
sure results from a decrease in both relative (0.06-0.38
in Clz + Ar plasma and 0.14-1.19 in Cl, + He plasma at
4-12 mtor) and absolute (1.0x10%-4.4x10% cm? in Cl, +
+ Ar plasma and 1.4x10%-5.3x10'° cm™ in Cl, + He
plasma at 4-12 mtor) density of Cl- ions. In both cases,
the reason is corresponding change in the rate of R4
matched with the density of Cl, molecules. The total
flux of positive ions always follows the behavior of n.,
but exhibits a bit stronger absolute change vs. both gas
mixing ratios and pressure. The reason is the synergetic
effect from ion Bohm velocity, (eT«/mi)*2. From Fig. 1(f),
it can be seen also that the density of He* ions is much
smaller compared with that for Ar* under one and the
same plasma excitation conditions. The reason is that
ks << ks due to sufficient difference in ionization
thresholds (15.8 eV for Ar vs. 24.6 eV for He [40, 41]).
Therefore, it can be understood that effective ion
masses in both gas systems are quite close.

45



AM. Eppemos u sip.

45 ¢
a) 0

40}
35F ;!
>
© 30F /
- b

25F

20F

3.2

3.0F

28}

26

T, eV

241

22F

2.0

[N [N

(e o
> ”
T T

[N
o
w
T

Process frequency, s

102 1 1 1 1 1
0 20 40 60 80

Content of Ar or He, %

4~
3L
‘s
o
:o 2L
—
2
S
a 1F
0 'l 'l 'l 'l 'l
0 20 40 60 80
Content of Ar or He, %
20 d)
G\b\e\% ) o
15}
‘e
—co 3
E R h
510- Helo, g
g .
[a}
05F 3

10°k

[N
o
™
L]

[N
o
N
T

lon fraction, arb. un.

.

He*

10—3 1 1 1 1 L 1
0 20 40 60 80

Content of Ar or He, %
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rier gas fraction (a, b, e, f) and gas pressure (c, d): a, c) electron temperature (1); b, d) densities of charged species (2 — total positive ion
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Puc. 1. [TapameTpsl 31€KTPOHHOM ¥ HOHHON KOMITOHEHT I1a3Mbl B cMecsix Clz2 + Ar (crominsie muaun) u Clz + He (myHKTHpHBIE 111~
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KEHHBIX 9acCTHII (2 — cyMMapHas KOHIIEHTPAIIXs TOJIOKUTENBHBIX HOHOB; 3 — KOHIICHTPAIHS dJIEKTPOHOB); €) YaCTOTHI MPOLIECCOB (Pop-
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i by3uonnoi rubenn); u f) napunanbHble KOHIGHTPAUE HOHOB BHYTPH N+

The comparison of plasma diagnostics data
from Fig. 1(a, b) with those reported in Ref. [19] indi-
cate that all these are very close. Obviously, such situ-
ation means no differences in both electron energy loss
channels and charged species kinetics that may take
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place only if the wall material does not influence
steady-state densities of Cl, and CI species. Formally,
this conclusion contradicts with Kota et al. [42] where
the more than five-time difference between Cl atom re-
combination probabilities on quarts (~ 0.03) and Al,O3

W3B. By30B. Xumus u xum. TexHosorus. 2024. T. 67. Bem. 11



(~ 0.2) surfaces was obtained. At the same time, one
must remember that Kota’s measurements were con-
ducted under non-plasma conditions in experiments
with Cl atom beams. The latter means that the surface
was attacked by only one type of species as well as was
not conditioned by plasma-related factors, such as ion
bombardment, UV irradiation, etc. In spite of this, sev-
eral articles demonstrated that Cl atoms recombination
probabilities on both stainless steel [35, 43] and Al,O3
[43] under the Cl, plasma condition are much lower
than those reported in Ref. [42] and appear to be sensi-
tive to [CI]/[CI;] ratio. The reason is the competitive
adsorption of Cl, molecules that reduces the fraction of
free adsorption sites for atomic species. In particular,
Ref. [43] reported the Cl atom recombination probabil-
ity of ~ 0.03 for Al,Ozat [CIJ/[Cl,] ~ 0.5 as well as al-
lows the prediction of 0.05-0.07 for [CI])/[Cl;] > 1. As
a confirmation, namely these values provide the satis-
factory agreement between our model-predicted CI at-
oms densities with those obtained after the actinometry
procedure. From Ref. [43], it can be understood also
that the above effect does not work for quartz surface,
probably due to the very low adsorption probability for
Cl, molecules. Oppositely, the exposure in plasma in-
creases the Cl atom recombination probability up to
0.04-0.05 due to both increasing surface roughness and
formation of SiCl,Oy layer on plasma/surface inter-
face. Therefore, as plasma “equalizes” CI atom recom-
bination probabilities on quartz and Al.O3 surfaces, the
steady-state densities of Cl, and CI species in two re-
actors featured by only different side wall materials
also appear to be very close. As such, the similarity of
Langmuir probe data mentioned above has received the
reasonable explanation.

As the ZrO; etching process is driven by the
ion bombardment [15-18], the question of primary im-
portance is how processing conditions do influence the
ion bombardment intensity. From Fig. 2(a), it can be
seen that the negative dc bias voltage is almost identi-
cal (within the standard experimental error, of cause)
for both Ar- and He-containing plasmas. In fact, this
confirms the model-based conclusion concerning close
effective ion masses. The non-constant —Uq is because
the negative charge induced at Wqc = const is partially
compensated by positive ion coming from bulk
plasma. That is why the absolute value of —Uqc always
changes oppositely to I'+, i. e. decreases with increas-
ing fraction of carrier gas and increases vs. gas pres-
sure. Another remarkable fact is that the relative
change in T"; appears to be stronger compared with —
Ugc. Therefore, the parameter 2. which traces the
ion bombardment intensity under the condition of m;~
~ const [44] follow the behavior of I'+, as shown in
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Fig. 2(b). An increase in bias power causes the nearly
linear growth of negative bias voltage which appears
to be a bit stronger in Cl, + Ar plasma (Fig. 2(c)). This
effect is enforced by the similar difference in ion
fluxes, so that the parameter &Y'+ exhibits noticeably
higher absolute values with Ar as a carrier gas (Fig. 2(d)).
The relatively low sensitivity of &I, to bias power is
because only the factor of /2 does work at I'+ = const.
When summarizing above data, one can conclude that
the Cl, + Ar plasma with more than 50% carrier gas
provides better conditions for ion-induced heterogene-
ous process compared with the He-containing counter-
part. The similar conclusion indirectly follows from
data of Ref. [19].

An important summary delivered by Fig. 1 is
that a) the dilution of chlorine by Ar or He causes qual-
itatively similar changes in plasma parameters deter-
mining the dissociation kinetics of Cl, molecules; and
b) the quantitative differences between Ar- and He-
containing plasmas keep their typical features in all in-
vestigated range of gas pressures. Therefore, one can
surely suggest no principal differences in behaviors of
Cl atom densities. When analyzing kinetics of neutral
species, we confirmed all principal features of Cl,
plasma reported in previous works. In particular, it was
found that the dominant CI atom formation pathway is
R6: Cl, + e — 2Cl + e while contributions of dissoci-
ative attachment R4 and dissociative ionization R7:
Cl; + e — Cl + CI* + 2e are much lower. The reason is
the difference in corresponding rate coefficients
(~ 1.1x108 cm?¥s for kg vs. ~ 2.4x101° cm®/s for ksand
~ 2.2x101 cmd/s for ks at T = 3 eV) resulting in
2ke >> k4 + k7. Therefore, the effective dissociation
rate coefficient for Cl, molecules is kais =~ ks. It was
found that the parameter Kgis increases toward Ar- and
He-rich plasmas (by ~ 1.3 and 2.4 times, respectively,
at 0-80% carrier gas) as well as decreases with increas-
ing gas pressure. Both effects are in agreement with
trends and absolute difference in electron tempera-
tures, as was mentioned in Figs. 1(a, c). As the dilution
of chlorine by both Ar and He also causes a growth of
electron density, one can obtain a sufficient increase in
the frequency of dissociative collisions for electrons
with Cl, molecules (Fig. 3(a)) and Cl, dissociation de-
gree (Fig. 3(b)). The result is the slower-than-linear de-
crease in Cl atom density (by ~ 1.3 times at 0-50% Ar
and by ~ 1.4 times at 0-50% He, as follows from
plasma modeling results shown in Figs. 3(d, f)). Simi-
lar situation has repeatedly been mentioned in pub-
lished works for Cl, + Ar plasmas excited using both di-
rect-current and radio-frequency power sources [6, 32,
33]. Oppositely, an increase in gas pressure lowers the
electron density and thus, enforces the retarding effect
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of Kgis in respect to the Cl dissociation rate. As a result,
a decrease in Cl, dissociation degree (Fig. 3(b)) pro-
duces the slower-than-proportional increase in Cl atom
density. Another remarkable phenomenon is that both
kaisne and o(Cl,) appear to be higher in Cl, + Ar
plasma, in spite of lower kgis. The reason is the opposite
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and more sufficient difference in electron densities, as
shown in Fig. 1(b, d). Finally, we would like to mention
the acceptable agreement between measured and model-
predicted Cl atom densities plotted in Fig. 3(d, f). In fact,
this means that our model-based analysis provides the
correct understanding of main kinetic effects determin-
ing plasma parameters and composition.
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Fig. 2. Negative dc bias voltage (a, ¢) and parameter &I+ characterizing the ion bombardment intensity (b, d) as functions of carrier
gas fraction (1), gas pressure (2) and bias power (3) in Cl2 + Ar (solid lines) and Cl2 + He (dashed lines) plasmas
Puc. 2. OTpunarensHoe cMelenue (a, ¢) M napamerp &it2[+ XapakTepu3ylomuii HHTEHCHBHOCTb HOHHON 6oMbapauposky (b, d) B 3aBu-
CHMOCTH OT coepaHus raza-Hocutens (1), naBnenus (2) u mourHoctr cMenenus (3) B riasme Clz + Ar (CrulonIHbIe JTHHAN)
u Clz2 + He (myHKTHpHBIE JTUHNN)

In etching experiments, it was found that the
mixing of Cl, with Ar or He causes monotonically in-
creasing as well as almost identical absolute values for
ZrO, etching rates, R, up to 35-40% of carrier gas
(Fig. 4(a, c)). The furthermore transition to Clx-poor
mixtures does not change the nearly linear tendency for
Cl, + Ar plasma while causes a kind of saturation of
ZrO; etching rate in Cl, + He plasma. As a result, the
latter exhibits by ~ 1.5 times slower etching at the last
point corresponding to 80% He. The variation of pres-
sure results in quite close etching rates at both low and
high pressure ends, but causes a weak maximum located
at p ~ 6-8 mtor. An increase in bias power (Fig. 4(e))
causes the almost proportional growth of ZrO, etching
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rate as well as leads to the slightly increasing gap be-
tween Cl2 + Ar abd Cl; + He plasmas toward higher
input powers. The last effect reasonable reflects the
difference in ion bombardment intensities mentioned
in Fig. 2(d). When comparing above data with Fig. 1(b)
and 2(b), it can be understood that a) the behavior of
ZrO, etching rate vs. fraction of carrier gas is always
opposite to that for Cl atom flux while demonstrates
the agreement with ion flux and ion bombardment in-
tensity; and b) the non-monotonic change of ZrO; etch-
ing rate vs. gas pressure demonstrates the formal agree-
ment with I'cat lower pressures as well as follows the
change of I+ at higher pressures. In order to understand
mechanisms of above phenomena we conducted both
plasma diagnostics and etching experiments in pure Ar

W3B. By30B. Xumus u xum. TexHosorus. 2024. T. 67. Bem. 11



and He plasmas and then, evaluated ZrO, sputter
yields, Ysp, as the etching rate to ion flux ratios. Corre-
sponding values were found to be ~ 0.001 atom/ion and
~ 0.0007 atom/ion, respectively. In our opinion, such
low sputter yields are due to both low ion bombard-
ment energies and strong Zr-O bonding (~ 766 kJ/mol
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[12]), so that the sputtering process occurs in the near-
threshold region. Accordingly, the calculation of phys-
ical etching rate in Cl,-containing plasma Rpnys = Yspl '+
(T'+ = 4.9x1014-1.1x10%* cm2s?t for 0-80% Ar and
4.9x1014-4.2x10% cms* for 0-80% He) clearly demon-
strated that Rpnys << R and R = Rehem (Fig. 4(a, c, €)).
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Fig. 3. Kinetics and densities of neutral species in Cl2 + Ar and Clz + He plasmas as functions of carrier gas fraction (1) and pressure (2):
a) effective frequency of dissociative collisions of electrons with Cl2 molecules; b) Cl2 dissociation degree; ¢, €) emission intensities for
Ar 750.4 nm and Cl 754.7 nm; d, f) measured and model-predicted densities of Cl atoms. In Figs. a) and b), solid lines for Cl2 + Ar
while dashed lines are for Cl2 + He. In Fig. c) and e), solid lines are for Ar 750.4 nm while dashed lines are for Cl 754.7 nm. In Fig. d)
and f), solid lines with symbols are from actinometry experiments while dashed lines are from plasma modeling
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HocTH m3iydenust mauid Ar 750.4 nm and C1 754.7 nm; d, f) u3smepenHsie u pacyerHble koHueHTpaiuy atomoB Cl. Ha puc. a) u b), crutonissie
mmunn 1715 Clz + Ar, mynkrupsste — s Clz + He. Ha puc. ¢) u e), crutomssie miann 1 Ar 750.4 v, myHkrupHsie — s Cl 754.7 um. Ha
puc. d) u f), crIonIHbIe TUHUN C CHMBOJIAMH MIPEACTABISIFOT aKTHHOMETPHYECKHIT SKCIIEPUMEHT, ITyHKTUPHBIE — pacier
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As behaviors of ZrO; etching rates in both gas
mixtures are completely related to the chemical etching
pathway, the reason may be only that the CI atom flux
is not the single factor influencing the heterogeneous
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reaction kinetics. Really, the effective reaction proba-
bility yr = Rehem/I"ci demonstrates the rapid growth to-
ward Ar- and He-rich plasma and higher bias powers
as well as decreases with increasing gas pressure
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(Fig. 4(c, d, f)). When comparing these data with those
shown in Fig. 2(b) as well as taking in mind the con-
stant Cl atom flux during the variation of Wy, it can be
understood that a) the behavior of yr in both gas mix-
tures follows the change in the ion bombardment inten-
sity; and b) the lower ZrO, etching rate in Cl, + He
plasma at more than 40% He surely reflects corre-
sponding differences in yr and &2I"s. Moreover, one
can obtain the nearly linear correlation between yr and
&I, while the slopes of corresponding fitting lines in
Fig. 5(a, b) are quite close. Obviously, the latter means
no principal differences in ZrO, etching mechanisms
in Cl2 + Ar and Cl, + He plasmas.
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Fig. 5. The correlation between effective reaction probability and
parameter &'+ characterizing the ion bombardment intensity in
Cl2 + Ar (a) and Cl2 + He (2) plasmas
Puc. 5. Koppensuus Mmexy 3p(GeKTHBHON BEPOSITHOCTBIO FeTepo-
TeHHON XMMUYECKOH PeakIu 1 mapaMeTpoM &it2l '+, XxapakTepu-
3YHOUHUM UHTECUBHOCTD HOHHOM GOMGapZLI/IpOBKI/I, B IUIa3Me€ in
Cl2 + Ar (a) u Cl2 + He (2)

In our opinion, the influence of ion bombard-
ment on the probability of chemical reaction between
Cl atoms and ZrO, surface appears through, at least,
two mechanisms. First, the strength of Zr-O bong is
sufficiently higher than for Zr-Cl one (~ 530 kJ/mol
[12]), so that the spontaneous (thermally activated)
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chlorination in a form of R8: ZrO«(s.) + xCl —
— ZrClx(s.) + xO (where the index “(s.)” points out on
the surface-bonded state of corresponding particle) re-
quires high energy threshold and seems to be impossi-
ble at typical process temperatures. Obviously, such
situation assumes the mandatory ion-assisted destruc-
tion of oxide bonds R9: ZrOx(s.) — ZrOx.4(s.) + O in
prior to the reaction with chlorine atoms R10: Zr(s.) +
+ XCl — ZrClx(s.). And secondly, products of R10
seem to be really low volatile compounds, as their
melting points sufficiently exceed typical process tem-
peratures (~ 772 °C for ZrCl,, ~ 627 °C for ZrCl; and
~ 437 °C for ZrCl4 [12]). Therefore, the one more man-
datory ion-induced step is the sputtering of reaction
products R11: ZrCly(s.) — ZrClxto clean the surface
and to provide the access of etchant species to surface
atoms. On this background, the increasing tendency
of yr vs. both fraction of carrier gas and bias power
(Fig. 4(c, d, 1)) is exactly due to increasing probabili-
ties for R9 and R11 together with the ion bombardment
intensity. As this effect overcompensates a decrease in
I'c) with increasing content of Ar or He in a feed gas,
the growth of ZrO, etching rate takes place. Oppo-
sitely, an increase in gas pressure lowers the ion bom-
bardment intensity, suppresses both R9 and R11 as
well as reduces yr. Accordingly, the concurrence be-
tween increasing Cl atom flux and decreasing their re-
action probability produces a maximum on R = f(p)
curves. Finally, we would like to note that we obtained
at least 5 times lower absolute ZrO, etching rates com-
pared with those reported in Refs. [17, 18] for Cl, + Ar
plasmas under close range of processing conditions.
Obviously, this effect cannot be completely related to
the soft etching regime with reduced ion bombardment
energy, as both reference works dealt with comparable
(or, at least, a bit lower) values of negative dc bias volt-
age. In our opinion, the reasons are as follows. First,
the higher ZrO, etching rates were obtained with either
the electron-cyclotron resonance (ECR) plasma source
[19] or conventional ICP with higher input power den-
sity [18]. In both cases, one can easily expect the higher
plasma density and ion flux that results in higher effi-
ciency of both R9 and R11. And secondly, Kinetic co-
efficients for R9 and R10 are strongly dependent on
film properties, such as surface roughness, crystal
structure, stoichiometry, presence of impurities, etc.
Since all these reflect features of ZrO, deposition
method, too many factors cannot be compared ade-
quately. Probably, the lower etching rate in our case
means the low density of surface defects as well as the
higher film purity and crystallinity. However, the latter
is just a suggestion, not a fact.
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When summarizing above data, one can con-
clude that there are no principal differences between
Ar and He carrier gases in respect to both plasma com-
position and ZrO, etching performance. Moreover,
when the fraction of carrier gas does not exceed 40%,
the almost identical plasma and etching process param-
eters take place. Therefore, the choice between Ar and
He for purposes of given etching process may be mo-
tivated by pure technological criteria, such as etching
uniformity, selectivity and anisotropy issues. In the last
case, the Cl, + Ar plasma has some formal advantage,
as it is characterized by the lower impact of “chaotic”
etching component due to lower T'cy/T'+ ratio (3000-50
at 0-80% Ar vs. 3000-120 at 0-80% Ar). As the same
time, such difference is noticeable only in noble-gas-
rich plasmas as well as appears to be rather weak in
Cl,-rich plasmas.

CONCLUSIONS

In this work, we investigated how the type and
the content of inert carrier gas, Ar or He, do influence
plasma chemistry and ZrO; etching kinetics in chlo-
rine-based plasmas. Experimental conditions corre-
sponded to the so-called “soft” reactive-ion etching re-
gime featured by lower-than-usual negative bias volt-
age and ion bombardment energy. From plasma diag-
nostics by Langmuir probes, it was found that increas-
ing fraction of any carrier gas a) causes similar trends
in electrons- and ions-related plasma parameters (as it
follows from changes in electron energy loss channels
and ionization/recombination balance for ionic spe-
cies); and b) enlarges the difference between absolute
values of electron temperature and plasma density. As
a result, the Cl, + Ar plasma always exhibits higher (by
~ 2 times at 80% Ar or He) ion flux and ion bombard-
ment intensity. An important common effect is also
that the addition of Ar or He accelerates the decompo-
sition of Cl, molecules in electron-impact processes,
increases their dissociation degree and finally results in
the slower-than-proportional decrease in the Cl atom
density (by less than 3 times at 0-80% Ar or He). Etch-
ing experiments with ZrO, thin films indicated both
domination of chemical etching pathway and sufficient
growth of effective reaction probability toward Ar- or
He-rich plasmas. As the latter completely correlates
with increasing ion bombardment intensity, one can
surely assume the ion-assisted etching regime. Accord-
ingly, the role of ion bombardment includes a) the de-
struction of Zr-O bonds to provide the chlorination of
Zr atoms; and b) the desorption of low volatile ZrCly
compounds. The lower neutral/charged ratio obtained
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in Cl; + Ar plasma allows one to suggest the advantage
in both etching anisotropy and profile shape under the
condition of Ar-rich plasma.
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